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Abstract

Neurotoxic agents or trauma can produce direct brain damage or seizures resulting in neuronal
cell death. Recent evidence indicates that the gonadal steroid progesterone greatly attenuates the
excitotoxicity that leads to neuronal cell loss. However, surprisingly little is known of the
mechanism for this effect. The working hypothesis for the proposed studies is that the ovarian
hormone, progesterone, either alone or through its metabolites, can protect or intervene against
brain injury and that one mechanism of neuroprotection involves upregulation of
mitochondrial genes. The specific hypotheses to be tested are: 1. Progesterone per se protects
against neuronal death caused by status epilepticus in vivo and by NMDA-induced death of
cerebellar granule neurons in vitro. 2. Excitotoxic levels of glutamate down-regulate the
expression of mitochondrial genes in vitro and in vivo leading to greater vulnerability to injury.
3. Progesterone up-regulates mitochondrial gene expression, hence increasing the resistance of
neurons to excitoxicity. Methods to be used include kainate-induced seizures in intact or
ovariectomized rats, exposure of primary cultures of cerebellar neurons to NMDA, histological
assessment of necrotic and apoptotic cell death, measurements of cytochrome oxidase gene
expression, and in vitro measurements of mitochondrial electron transport, respiration, Ca®*
transport, and cytochrome-c release. The significance of these studies is that they will provide
further evidence that progesterone possesses neuroprotective properties relevant to military-
related brain injury and that regulation of mitochondrial gene expression is one mechanism by
which the vulnerability of neurons to excitotoxicity can be controlled.
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1. INTRODUCTION: Narrative that briefly (one paragraph) describes the subject, purpose
and scope of the research.

Neurotoxic agents or trauma can produce direct brain damage or seizures resulting in neuronal
cell death. Recent evidence indicates that the gonadal steroid progesterone greatly attenuates the
excitotoxicity that leads to neuronal cell loss. However, surprisingly little is known of the
mechanism for this effect. The purpose of this project was to both explore the ability of
progesterone to provide neuroprotection and to determine if mitochondria are a target of action
by progesterone. Research was performed with rat models of acute brain injury caused by either
status epilepticus or head trauma. Additional, more basic research was performed with isolated
brain mitochondria.

2. KEYWORDS: Provide a brief list of keywords

Steroid, hormones, neuron, apoptosis, mitochondria, excitoxicity, calcium, cytochrome c,
traumatic brain injury, respiration, methoxychlor, apoptosis

3. OVERALL PROJECT SUMMARY:

1. Starkov, A.A., Polster, B.M., and Fiskum, G., Regulation of mitochondrial reactive oxygen
species generation by calcium and Bax., J. Neurochem. 83, 220-228 (2002).
(PMID:12358746)

Abnormal accumulation of Ca2+ and exposure to pro-apoptotic proteins, such as Bax, is believed
to stimulate mitochondrial generation of reactive oxygen species (ROS) and contribute to neural
cell death during acute ischemic and traumatic brain injury, and in neurodegenerative diseases,
e.g. Parkinson’s disease. The results obtained from this study indicate that in the presence of
ATP and Mg2+, Ca2+ accumulation either inhibits or stimulates mitochondrial H202
production, depending on the respiratory substrate and the effect of Ca2+ on the mitochondrial
membrane potential. Bax plus a BH3 domain peptide stimulate H202 production by brain
mitochondria due to release of cytochrome c and this stimulation is insensitive to changes in
membrane potential. These results relate to the mechanisms of neuroprotection by progesterone
since we and others found that progesterone increases expression of Bcl2, which we have shown
substantially reduces mitochondrial sensitivity to Ca2+-induced damage and to Bax-induced
H202 production.

2. Starkov, A.A. and Fiskum, G., Regulation of brain mitochondrial H,O, production by
membrane potential and NAD(P)H redox state, J. Neurochem. 86: 1101-1107 (2003).
(PMID:12911618)

Mitochondrial production of reactive oxygen species (ROS) at Complex | of the electron
transport chain is implicated in the etiology of neural cell death in acute and chronic
neurodegenerative disorders. However, little is known regarding the regulation of mitochondrial
ROS production by NADH-linked respiratory substrates under physiologically realistic
conditions in the absence of respiratory chain inhibitors. Our findings indicate that ROS
production by mitochondria oxidizing physiological NADH-dependent substrates is regulated by
membrane potential and by the NAD(P)H redox state over ranges consistent with those that exist



at different levels of cellular energy demand. The significance of these results is that they support
the hypothesis that increased mental activity and associated oxidative cerebral energy
metabolism reduce mitochondrial ROS formation and associated oxidative stress. This
relationship may be the reason why people who are mentally very active as they grow old appear
to have a lower incidence of Alzheimer’s disease.

3. Hoffman, G.E., Moore, N., Fiskum, G., and Murphy, A.Z., Ovarian steroid modulation of
seizure severity and hippocampal cell death after kainic acid treatment, Exp. Neurol. 182:
124-134 (2003). (PMID:12821382)

To determine whether maintained estrogen or progesterone levels affect kainic acid (KA) seizure
patterns or the susceptibility of hippocampal neurons to death from seizures, ovariectomized
Sprague—Dawley rats were implanted with estrogen pellets or progesterone capsules that
generated different serum hormone levels. Seven days later, the rats were administered kainic
acid and scored for seizure activity; 96 h later, the rats were killed and their brains processed for
localization of neuron nuclear antigen (NeuN), a general neuronal marker. The results obtained
from this study are consistent with the hypothesis that progesterone produces its neuroprotective
effects by reducing seizures, whereas estrogen has little beneficial effect on seizure behavior but
protects the hippocampus from the damage seizures produce. This is one of the two most
important studies documenting neuroprotection by progesterone that was supported by this grant.
In addition to blocking status epilepticus, progesterone may inhibit seizure activity associated
with traumatic brain injury or exposure to nerve agents.

4. Fiskum, G., Starkov, A., Polster, B.M., and Chinopoulos, C., Mitochondrial mechanisms of
neural cell death and neuroprotective interventions in Parkinson’s disease, Ann. NY Acad.

Sci. 991: 111-119 (2003). (PMID:12846980)

Mitochondrial dysfunction, due to either environmental or genetic factors, can result in excessive
production of reactive oxygen species, triggering the apoptotic death of dopaminergic cells in
Parkinson's disease. Mitochondrial free radical production is promoted by the inhibition of
electron transport at any point distal to the sites of superoxide production. Neurotoxins that
induce parkinsonian neuropathology, such as MPP(+) and rotenone, stimulate superoxide
production at complex | of the electron transport chain and also stimulate free radical production
at proximal redox sites including mitochondrial matrix dehydrogenases. The oxidative stress
caused by elevated mitochondrial production of reactive oxygen species promotes the expression
and (or) intracellular distribution of the proapoptotic protein Bax to the mitochondrial outer
membrane. Interactions between Bax and BH3 death domain proteins such as tBid result in Bax
membrane integration, oligomerization, and permeabilization of the outer membrane to
intermembrane proteins such as cytochrome c. Once released into the cytosol, cytochrome ¢
together with other proteins activates the caspase cascade of protease activities that mediate the
biochemical and morphological alterations characteristic of apoptosis. In addition, loss of
mitochondrial cytochrome c stimulates mitochondrial free radical production, further promoting
cell death pathways. Excessive mitochondrial Ca(2+) accumulation can also release cytochrome
¢ and promote superoxide production through a mechanism distinctly different from that of Bax.
Ca(2+) activates a mitochondrial inner membrane permeability transition causing osmotic
swelling, rupture of the outer membrane, and complete loss of mitochondrial structural and



functional integrity. While amphiphilic cations, such as dibucaine and propranolol, inhibit Bax-
mediated cytochrome c release, transient receptor potential channel inhibitors inhibit
mitochondrial swelling and cytochrome c release induced by the inner membrane permeability
transition. These advances in the knowledge of mitochondrial cell death mechanisms and their
inhibitors may lead to neuroprotective interventions applicable to Parkinsons's disease._This
review article provides important new insights into mitochondrial mechanisms of Parkinson’s
disease and brain injury caused by neurotoxins.

5. Fiskum, G., Rosenthal, R.E., Vereczki, V., Martin, E., Hoffman, G.E., Chinopoulos, C., and
Kowaltowski, A., Protection against ischemic brain injury by inhibition of mitochondrial
oxidative stress, J. Bioenerg. Biomemb. 36: 347-352 (2004). (PMID: 15377870)

Mitochondria are both targets and sources of oxidative stress. This dual relationship is
particularly evident in experimental paradigms modeling ischemic brain injury. One
mitochondrial metabolic enzyme that is particularly sensitive to oxidative inactivation is
pyruvate dehydrogenase. This reaction is extremely important in the adult CNS that relies very
heavily on carbohydrate metabolism, as it represents the sole bridge between anaerobic and
aerobic metabolism. Oxidative injury to this enzyme and to other metabolic enzymes proximal to
the electron transport chain may be responsible for the oxidized shift in cellular redox state that
is observed during approximately the first hour of cerebral reperfusion. In addition to impairing
cerebral energy metabolism, oxidative stress is a potent activator of apoptosis. The mechanisms
responsible for this activation are poorly understood but likely involve the expression of p53 and
possibly direct effects of reactive oxygen species on mitochondrial membrane proteins and
lipids. Mitochondria also normally generate reactive oxygen species and contribute significantly
to the elevated net production of these destructive agents during reperfusion. Approaches to
inhibiting pathologic mitochondrial generation of reactive oxygen species include mild
uncoupling, pharmacologic inhibition of the membrane permeability transition, and simply
lowering the concentration of inspired oxygen. Anti-death mitochondrial proteins of the Bcl-2
family also confer cellular resistance to oxidative stress, paradoxically through stimulation of
mitochondrial free radical generation and secondary up-regulation of antioxidant gene
expression. This review article focuses on oxidative damage and inactivation of the pyruvate
dehydrogenase complex, which is strongly implicated in the pathophysiology of both acute brain
injury and neurodegenerative diseases.

6. Starkov, A.A., Fiskum, G., Chinopoulos, C., Lorenzo, B.J., Browne, S.E., Patel, M.S., and
Beal, M.F., Mitochondrial alpha-ketoglutarate dehydrogenase complex generates reactive
oxygen species, J. Neurosci. 24: 7779-7788 (2004). (PMID:15356189)

Mitochondria-produced reactive oxygen species (ROS) are thought to contribute to cell death
caused by a multitude of pathological conditions. The molecular sites of mitochondrial ROS
production are not well established but are generally thought to be located in complex I and
complex I11 of the electron transport chain. Isolated mitochondrial alpha-ketoglutarate
dehydrogenase (KGDHC) and pyruvate dehydrogenase (PDHC) complexes produced superoxide
and H202. NAD(+) inhibited ROS production by the isolated enzymes and by permeabilized
mitochondria. We also measured H202 production by brain mitochondria isolated from
heterozygous knock-out mice deficient in dihydrolipoyl dehydrogenase (DId). Although this



enzyme is a part of both KGDHC and PDHC, there was greater impairment of KGDHC activity
in DId-deficient mitochondria. These mitochondria also produced significantly less H202 than
mitochondria isolated from their littermate wild-type mice. The data strongly indicate that
KGDHC is a primary site of ROS production in normally functioning mitochondria. This
ground-breaking article provides evidence against the dogma that mitochondrial ROS formation
occurs exclusively within the electron transport chain. This study is the first to provide strong
evidence that the Kreb’s cycle enzyme, alpha ketoglutarate dehydrogenase complex, is as or
more important a source of ROS than the electron transport chain. This finding is very important
to understanding the molecular pathophysiology of neurodegeneration.

7. Polster, B.M. and Fiskum, G., Mitochondrial mechanisms of neural cell apoptosis, J.
Neurochem. 90: 1281-89 (2004). (PMID: 15341512)

The importance of calcium overload, mitochondrial dysfunction, and free radical generation to
neuropathological processes has been recognized for many years. Only more recently has
evidence accumulated that the programmed cell death process of apoptosis plays an integral role
not only in the development of the nervous system, but in the loss of cells following acute
neurological insults and chronic disease. In 1996 came the landmark discovery that cytochrome
c, an evolutionary old and essential component of the respiratory chain, has a second and deadly
function when it escapes the mitochondrion: triggering the cell death cascade. A flurry of activity
has since ensued in an effort to understand the mechanistic events associated with mitochondrial
permeabilization during apoptosis and regulation by an enigmatic family of proteins
characterized by homology to the proto-oncogene Bcl-2. This review discusses the evidence for
various release mechanisms of apoptotic proteins (e.g. cytochrome c) from neural cell
mitochondria, focusing particularly on roles for calcium, Bax, p53, and oxidative stress. The
need for new drugs that act at the level of the mitochondrion to prevent apoptosis is also
highlighted. This review article provides an overview of mitochondrial mechanisms of apoptosis
and targets for neuroprotective interventions.

8. Chinopoulos, C., Gerencser, A.A., Doczi, J., Fiskum, G., and Adam-Vizi. V., Inhibition of
glutamate-induced delayed calcium deregulation by 2-APB and La** in cultured cortical
neurons, J. Neurochem. 91: 471-483 (2004). (PMID:15447680)

Exposure of neurones in culture to excitotoxic levels of glutamate results in an initial transient
spike in [Ca2+]i followed by a delayed, irreversible [Ca2+]i rise governed by rapid kinetics, with
Ca2+ originating from the extracellular medium. The molecular mechanism responsible for the
secondary Ca2+ rise is unknown. Our results indicate that 2-APB and La3+ influence non-store-
operated Ca2+ influx in cortical neurones and that this route of Ca2+ entry is involved in
glutamate-induced delayed Ca2+ deregulation. This study describes a new mechanism by which
exposure of mitochondria to elevated Ca2+ causes bioenergetics failure. Since Ca2+-induced
mitochondrial damage is central to neuronal cell death, these findings contribute to the
understanding of neurodegeneration, providing direction toward neuroprotective drug

development.




9. Kowaltowski, A.J., Fenton, R.G., and Fiskum, G., Bcl-2 family proteins regulate
mitochondrial reactive oxygen production and protect against oxidative stress, Free Rad.
Biol. Med. 37: 1845-1853 (2004). (PMID:15538043)

Bcl-2 family proteins protect against a variety of forms of cell death, including acute oxidative
stress. Previous studies have shown that overexpression of the anti-apoptotic protein Bcl-2
increases cellular redox capacity. Here we report that cell lines transfected with Bcl-2
paradoxically exhibit increased rates of mitochondrial H202 generation. Our results indicate that
chronic and mild elevations in H202 release from Bcl-2, Bcl-xL, and Mcl-1 overexpressing
mitochondria lead to enhanced cellular antioxidant defense and protection against death caused
by acute oxidative stress. This study provides the first explanation for the apparent “antioxidant”
effect of Bcl-2 and other related anti-apoptotic proteins. Since progesterone increases Bcl-2 gene
expression, our results may also help explain the neuroprotection observed with progesterone.

10. Ahn, E.S., Robertson, C.L., Vereczki, V., Hoffman, G.E., and Fiskum G., Synthes Award for
Resident Research on Brain and Craniofacial Injury: Normoxic ventilatory resuscitation after
controlled cortical impact reduces peroxynitrite-mediated protein nitration in the
hippocampus. Clin Neurosurg. 52: 348-356 (2005). (PMID:16626092)

Ventilatory resuscitation with 100% O2 is routinely administered after severe TBI to prevent
early hypoxemia. In addition, the use of normobaric hyperoxia after severe TBI has recently been
supported for the main therapeutic goal of shifting from anaerobic metabolism to aerobic
metabolism in the injured brain. Other investigators have called into question this metabolic
benefit. Furthermore, the use of normobaric hyperoxia heightens the concern for oxygen toxicity
and ROS-mediated damage to the brain. Our results show that rats administered 100% O2 for 1
hour after CCI had significantly increased levels of ROS-mediated damage to proteins in the
CAL1 and CA3 regions of the hippocampus when compared with rats administered room air.
Levels of ROS-mediated protein nitration in the normoxic group were no different than those of
non-injured rats. Additionally, there was no beneficial effect of hyperoxic resuscitation on
neuronal survival or abnormal neuronal morphology 1 week after injury. These results warrant
additional caution in the empiric use of hyperoxic resuscitation in the treatment of severe TBI. If
future studies support this concern for increased ROS-mediated damage with hyperoxia, then
efforts will need to be made toward early adjustments in the O2 concentration administered
during resuscitation after severe TBI. This study addresses the controversy about the use of high
inspired O2 following TBI, indicating that it can indeed exacerbate oxidative damage to the
brain. These findings reinforce the need for therapeutic interventions that target oxidative stress,
e.g., progesterone.

11. Mehrabian, Z., Liu, L.-1., Fiskum, G., Rapoport, S.1., Chandrasekaran, K., Regulation of
mitochondrial gene expression by energy demand in neural cells, J. Neurochem. 93:850-860
(2005). (PMID:15857388)

MitochondriaDNA (mtDNA) encodes critical subunit proteins of the oxidative phosphorylation
(OXPHOS) complex that generates ATP. This study tested the hypothesis that mitochondrial
gene expression in neural cells is regulated by energy demand, as modified via stimulation of



cellular sodium transport. Exposure of primary cerebellar neuronal cultures to the excitatory
amino acid glutamate caused a rapid and significant increase followed by a significant decrease
in cell mt-mRNA levels. These results suggest a physiological transcriptional mechanism of
regulation of mitochondrial gene expression by energy demand and a post-transcriptional
regulation that is independent of energy status of the cell. Although not included in the
publication, we tested for effects of progesterone on mitochondrial gene expression in these
experiments and found that it had no detectable effects. These findings do not support the
hypothesis that neuroprotection by progesterone is mediated by stimulation of mitochondrial
gene expression.

12. Martin, E., Rosenthal, R.E., and Fiskum, G., Pyruvate dehydrogenase complex: Metabolic
link to ischemic brain injury and target of oxidative stress, J. Neurosci. Res. 79:240-247
(2005). (PMID:15562436)

The mammalian pyruvate dehydrogenase complex (PDHC) is a mitochondrial matrix enzyme
complex (greater than 7 million Daltons) that catalyzes the oxidative decarboxylation of pyruvate
to form acetyl CoA, nicotinamide adenine dinucleotide (the reduced form, NADH), and CO2.
This reaction constitutes the bridge between anaerobic and aerobic cerebral energy metabolism.
PDHC enzyme activity and immunoreactivity are lost in selectively vulnerable neurons after
cerebral ischemia and reperfusion. Evidence from experiments carried out in vitro suggests that
reperfusion-dependent loss of activity is caused by oxidative protein modifications. Impaired
enzyme activity may explain the reduced cerebral glucose and oxygen consumption that occurs
after cerebral ischemia. This hypothesis is supported by the hyperoxidation of mitochondrial
electron transport chain components and NAD(H) that occurs during reperfusion, indicating that
NADH production, rather than utilization, is rate limiting. Additional support comes from the
findings that immediate postischemic administration of acetyl-L-carnitine both reduces brain
lactate/pyruvate ratios and improves neurologic outcome after cardiac arrest in animals. As
acetyl-L-carnitine is converted to acetyl CoA, the product of the PDHC reaction, it follows that
impaired production of NADH is due to reduced activity of either PDHC or one or more steps in
glycolysis. Impaired cerebral energy metabolism and PDHC activity are associated also with
neurodegenerative disorders including Alzheimer’s disease and Wernicke-Korsakoff syndrome,
suggesting that this enzyme is an important link in the pathophysiology of both acute brain injury
and chronic neurodegeneration. This review stresses the use of “alternative biofuels”, e.g.,
acetyl-L -carnitine, as neuroprotectants, based on their compensation for impaired brain pyruvate
dehydrogenase activity during acute and chronic neurodegeneration.

13. Schuh, R.A., Kristian, T., Gupta, R.K., Flaws, J.A., and Fiskum, G., Methoxychlor inhibits
brain mitochondrial respiration and increases hydrogen peroxide production and CREB
phosphorylation, Toxicol. Sci., 88: 495-504 (2005). (PMID:16177237)

The organochlorine insecticide methoxychlor (mxc) is an established reproductive toxicant that
affects other systems including the central nervous system (CNS), possibly by mechanisms
involving oxidative stress. This study tested the hypothesis that mxc inhibits brain mitochondrial
respiration, resulting in increased production of reactive oxygen species (ROS). Similarly, state 3
respiration was inhibited following in vivo mxc exposure using complex | substrates. H202
production was stimulated after in vitro mxc treatment in the presence of complex | substrates,



but not in mitochondria isolated from in vivo mxc-treated mice. Because previous studies
demonstrated a relationship between oxidative stress and CREB phosphorylation, we also tested
the hypothesis that mxc elevates phosphorylated CREB (pCREB) in mitochondria. Enzyme-
linked immunosorbent assay (ELISA) measurements demonstrated that pPCREB
immunoreactivity was elevated by in vitro mxc exposure in the presence or absence of
respiratory substrates, indicating that stimulation of H202 production is not necessary for this
effect. These multiple effects of mxc on mitochondria may play an important role in its toxicity,
particularly in the CNS. This study focuses on mitochondria as a target of neurotoxicity by
methoxychlor, a common pesticide used widely around the world. The described effects of
methoxychlor on mitochondrial respiration and ROS production are similar to those observed
with rotenone and paraquat, two toxins that are strongly implicated in the cause of sporadic
Parkinson’s disease

14. Soane, L. and Fiskum, G., Inhibition of mitochondrial neural cell death pathways by protein
transduction of Bcl-2 family proteins, J. Bioenerg. Biomemb. 95: 230-243 (2005). (PMID:
16167175)

Bcl-2 and other closely related members of the Bcl-2 family of proteins inhibit the death of
neurons and many other cells in response to a wide variety of pathogenic stimuli. Bcl-2
inhibition of apoptosis is mediated by its binding to pro-apoptotic proteins, e.g., Bax and tBid,
inhibition of their oligomerization, and thus inhibition of mitochondrial outer membrane pore
formation, through which other pro-apoptotic proteins, e.g., cytochrome c, are released to the
cytosol. Bcl-2 also exhibits an indirect antioxidant activity caused by a sub-toxic elevation of
mitochondrial production of reactive oxygen species and a compensatory increase in expression
of antioxidant gene products. While classic approaches to cytoprotection based on Bcl-2 family
gene delivery have significant limitations, cellular protein transduction represents a new and
exciting approach utilizing peptides and proteins as drugs with intracellular targets. The
mechanism by which proteins with transduction domains are taken up by cells and delivered to
their targets is controversial but usually involves endocytosis. The effectiveness of transduced
proteins may therefore be limited by their release from endosomes into the cytosol. Considering
the fact that progesterone and other agents exert their neuroprotection through stimulation of
Bcl-2 gene expression, this review covers the possibilities of using protein transduction
techniques to stimulate uptake of exogenous Bcl-2 directly into cells.

15. Chinopoulos, C., Starkov, A.A., Grigoriev, S., Dejean, L.M., Kinnally, K.W., Liu, X.,
Ambudkar, I.S., and Fiskum, G., Diacylglycerols activate mitochondrial cationic channel(s)
and release sequestered Ca®*, J. Bioenerg. Biomemb., 37: 237-247 (2005). (PMID:16167179)

Mitochondria contribute to cytosolic Ca2+ homeostasis through several uptake and release
pathways. Here we report that 1,2-sn-diacylglycerols (DAGS) induce Ca2+ release from Ca2+-
loaded mammalian mitochondria. Patch clamping brain mitoplasts reveal DAGs-induced slightly
cation-selective channel activity that is insensitive to bongkrekic acid and abolished by La3+.
The presence of a second messenger-sensitive Ca2+ release mechanism in mitochondria could
have an important impact on intracellular Ca2+ homeostasis. This study describes a completely
new trigger for release of mitochondria that is connected with phosphoinositide signal




transduction. Interestingly, a recent article indicates that high-physiologic levels of progesterone
inhibit opening of ion channels requlated by this pathway.

16. Schuh, R., Kristian, T., and Fiskum, G., Calcium-dependent dephosphorylation of brain
mitochondrial calcium/cAMP response element binding protein, J. Neurochem. 92:388-394
(2005). (PMID:15663486)

Calcium-mediated signaling regulates nuclear gene transcription by calcium/cAMP response
element binding protein (CREB) via calcium-dependent kinases and phosphatases. This study
tested the hypothesis that CREB is also present in mitochondria and subject to dynamic calcium-
dependent modulation of its phosphorylation state. These results further suggest that
mitochondrial CREB is located in the matrix or inner membrane and that a kinase and a calcium-
dependent phosphatase regulate its phosphorylation state. A recent study indicates that
progesterone receptors act together with at least nuclear CREB to stimulate expression of the
anti-apoptotic gene bcl-x. It remains to be determined if progesterone receptors interact with
mitochondrial CREB.

17. Robertson, C.L., Puskar, A., Hoffman, G.E., Murphy, A.Z., Saraswati, M., and Fiskum, G.,
Physiologic progesterone reduces mitochondrial dysfunction and hippocampal cell loss after
traumatic brain injury in female rats, Exp. Neurol. 197: 235-243 (2006). (PMID:16259981)

Growing literature suggests important sex-based differences in outcome following traumatic
brain injury (TBI) in animals and humans. Progesterone has emerged as a key hormone involved
in many potential neuroprotective pathways after acute brain injury and may be responsible for
some of these differences. Many studies have utilized supraphysiologic levels of post-traumatic
progesterone to reverse pathologic processes

after TBI, but few studies have focused on the role of endogenous physiologic levels of
progesterone in neuroprotection. We hypothesized that progesterone at physiologic serum levels
would be neuroprotective in female rats after TBI and that progesterone would reverse early
mitochondrial dysfunction seen in this model. Progesterone in the low physiologic range
reversed the early postinjury alterations seen in mitochondrial respiration and reduced
hippocampal neuronal loss in both the CA1 and CA3 subfields.

Progesterone in the high physiologic range had a more limited pattern of hippocampal neuronal
preservation in the CA3 region only. Neither progesterone dose significantly reduced cortical
tissue loss. These findings have implications in understanding the sex-based differences in
outcome following acute brain injury. This is the second highly important study supported by the
grant which demonstrates neuroprotection by progesterone (against traumatic brain injury) and
protection against early, post-injury mitochondrial dysfunction. These findings and those of
others from several other laboratories form the basis for the current clinical trial (PROTECT)
testing for neuroprotection by progesterone with traumatic brain injury patients.

4. KEY RESEARCH ACCOMPLISHMENTS: Bulleted list of key research
accomplishments emanating from this research. Project milestones, such as simply
completing proposed experiments, are not acceptable as key research accomplishments.
Key research accomplishments are those that have contributed to the major goals and
objectives and that have potential impact on the research field.
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1. Twelve peer-reviewed published research articles and five peer-reviewed review
articles

2. Demonstration that physiologic levels of progesterone protect against kainite-
induced seizure activity and therefore kainite-induced neuronal death in rats.

3. Demonstration that physiologic progesterone protects against early mitochondrial
bioenergetics dysfunction and delayed neuronal death caused by traumatic brain
injury.

4. Demonstration that hyperoxic resuscitation after moderate traumatic brain injury in
rats exacerbates oxidative modification of brain proteins, reinforcing the need for
effective antioxidant interventions.

5. Documentation that the pesticide methoxychlor causes oxidative damage to the
brain. This damage appears due to inhibition of Complex 1 of the mitochondrial
electron transport chain, which stimulates mitochondrial production of superoxide.

6. Discovery that the alpha-ketoglutarate dehydrogenase complex of the
mitochondrial Kreb’s cycle is a major producer of reactive oxygen species.

7. Demonstration that anti-death proteins, e.g., Bcl-2, Bcl-x,. and Mcl-1, increase
resistance of cells to oxidative stress by slightly increasing mitochondrial free
radical production, which in turn result in stimulation of anti-oxidant gene
expression.

8. Elucidation of the mechanism by which glutamate excitotoxicity results in delayed
intraneuronal Ca2+ deregulation, which is the event that causes irreversible
damage to neurons.

9. Demonstration that diacylglycerol, a common second messenger, can regulate
Ca2+ release from mitochondria.

10. Demonstration that cellular energy demand stimulates mitochondrial gene
expression in neural cells

5. CONCLUSION: Summarize the importance and/or implications with respect to
medical and /or military significance of the completed research including distinctive
contributions, innovations, or changes in practice or behavior that has come about as a
result of the project. A brief description of future plans to accomplish the goals and
objectives shall also be included.

The most translationally significant aspect of our research is the demonstration that
progesterone protects against brain injury associated with status epilepticus and traumatic
brain injury. These published findings taken together with many others from several other
laboratories have led to clinical trials testing for neuroprotection by progesterone for
traumatic brain injury. The two Phase 1l trials were encouraging. Two or more Phase 111 trials
will be completed by the end of the year. Positive results from these trials will likely lead to
progesterone neuroprotection trials for other forms of acute CNS injury and for
neurodegenerative diseases, e.g., Parkinson’s disease.

The additional more basic scientific discoveries we made have supported the general
hypothesis that injury or toxin-induced mitochondrial bioenergetic dysfunction results in
oxidative stress, contributing to both necrotic and apoptotic death of neurons and other cell



types. These findings are being used by many laboratories as a guide toward development of
neuroprotective drugs and other interventions.
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Regulation of hydrogen peroxide production by brain

mitochondria by calcium and Bax

Anatoly A. Starkov, Brian M. Polster and Gary Fiskum
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Abstract

Abnormal accumulation of Ca?* and exposure to pro-apoptotic
proteins, such as Bax, is believed to stimulate mitochondrial
generation of reactive oxygen species (ROS) and contribute to
neural cell death during acute ischemic and traumatic brain
injury, and in neurodegenerative diseases, e.g. Parkinson’s
disease. However, the mechanism by which Ca®* or apoptotic
proteins stimulate mitochondrial ROS production is unclear.
We used a sensitive fluorescent probe to compare the effects
of Ca%* on H,0, emission by isolated rat brain mitochondria in
the presence of physiological concentrations of ATP and Mg®*
and different respiratory substrates. In the absence of respir-
atory chain inhibitors, Ca®* suppressed H,O, generation and
reduced the membrane potential of mitochondria oxidizing
succinate, or glutamate plus malate. In the presence of the
respiratory chain Complex | inhibitor rotenone, accumulation

of Ca®* stimulated H,O, production by mitochondria oxidizing
succinate, and this stimulation was associated with release of
mitochondrial cytochrome c. In the presence of glutamate plus
malate, or succinate, cytochrome c release and H,O, forma-
tion were stimulated by human recombinant full-length Bax in
the presence of a BH3 cell death domain peptide. These
results indicate that in the presence of ATP and Mg?*, Ca**
accumulation either inhibits or stimulates mitochondrial H>O»
production, depending on the respiratory substrate and the
effect of Ca®* on the mitochondrial membrane potential. Bax
plus a BH3 domain peptide stimulate H>O, production by brain
mitochondria due to release of cytochrome ¢ and this stimu-
lation is insensitive to changes in membrane potential.
Keywords: apoptosis, BH3 domain, cytochrome ¢, mem-
brane potential, respiration, superoxide.
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Mitochondrial production of reactive oxygen species (ROS)
is thought to contribute significantly to neuronal cell death
caused by excitotoxicity and various acute and chronic
neurological disorders, e.g. cerebral ischemia/reperfusion and
Parkinson’s disease (Benzi et al. 1982; Sciamanna ef al.
1992; Dykens 1994; Fiskum et al. 1999; Murphy et al. 1999;
Fiskum 2000; Nicholls and Budd 2000). Among other
factors, mitochondrial accumulation of Ca®' that occurs in
response to these conditions has been reported to promote
the generation of ROS (Dykens 1994; Kowaltowski et al.
1995; Kowaltowski et al. 1996; Kowaltowski et al. 1998a;
Kowaltowski et al. 1998b; Fiskum 2000; Nicholls and Budd
2000). However, massive mitochondrial Ca*" accumulation
also inhibits the electron transport chain, potentially reducing
the flow of electrons necessary for reduction of O, to
superoxide anion and its metabolites, including H,O,
(Villalobo and Lehninger 1980). Mitochondrial Ca** seques-
tration also reduces the mitochondrial membrane potential
(AY), which is thermodynamically linked to the redox
potential of sites in the electron transport chain responsible
for production of ROS. Although several reports have

demonstrated that Ca>" loading enhances ROS generation
in brain (Dykens 1994) and liver (Kowaltowski et al.
1995; Kowaltowski et al. 1996; Kowaltowski ef al. 1998a;
Kowaltowski ef al. 1998b) mitochondria, the mechanism
responsible for this stimulation remains elusive.
Mitochondrial functions may also be perturbed during
acute neural cell injury by redistribution of pro-apoptotic
proteins, such as Bax and Bid, to mitochondrial membranes
where permeability changes occur that result in release to the
cytosol of other pro-apoptotic proteins, e.g. cytochrome ¢
(Fiskum 2000). Release of cytochrome ¢ has been associated
with increased cellular oxidative stress (Cai and Jones 1998),
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although a direct cause and effect relationship between
release and stimulated mitochondrial ROS generation has not
been demonstrated.

One purpose of this study was to clarify the effect of Ca®*
uptake on ROS production by isolated brain mitochondria.
Experiments were designed to test the hypothesis that Ca*"
can either stimulate or inhibit mitochondrial ROS generation,
depending on the source of electrons donated to the
respiratory chain, and the effects of Ca®>" accumulation on
the retention of mitochondrial cytochrome c. Another aim of
the study was to test the hypothesis that mitochondrial ROS
production is stimulated by cytochrome c release elicited by
exposure to Bax and a peptide containing a BH3 cell death
domain.

Materials and methods

Reagents

Oligomycin, antimycin A3 and rotenone (Sigma, St Louis, MO,
USA) were dissolved in ethanol, and Amplex Red (N-acetyl-3,7-
dihydroxyphenoxazine; Molecular Probes, Eugene OR, USA) was
dissolved in dimethylsulfoxide. All other reagents were purchased
from Sigma. All reagents and ethanol were tested and exhibited no
interference with the H,O, assay at the concentrations used in our
experiments. The sources of full-length human recombinant Bax
protein and of the synthetic Bax BH3 domain peptide have been
described previously (Fiskum and Polster 2001; Polster ef al. 2001).

Isolation of brain mitochondria
All animal experiments were conducted in accordance with
guidelines established by the Institutional Animal Care and Use
Committee of the University of Maryland, Baltimore.
Non-synaptosomal rat forebrain mitochondria were isolated by
the Percoll gradient separation method as described in (Sims 1990).
The quality of the mitochondrial preparation was estimated by
measuring the acceptor control ratio defined as ADP-stimulated
(State 3) respiration divided by resting (State 4) respiration. For
these experiments, the incubation medium consisted of 125 mm
KCl, 20 mm HEPES (pH 7.0), 2 mm KH,PO,4, 1 mm MgCl,, 5 mm
glutamate, 5 mm malate, plus 0.8 mm ADP. Oxygen consumption
was recorded at 37°C with a Clark-type oxygen electrode. State 3
respiration was initiated by the addition of 0.5 mg per ml rat brain
mitochondria to the incubation medium. State 3 respiration was
terminated and State 4 initiated by the addition of 1 um carboxya-
tractylate, an inhibitor of the ADP/ATP transporter. Only mitoch-
ondrial preparations that exhibited an acceptor control ratio greater
than 8 were used in this study.

Measurement of H,0,

Incubation medium contained 125 mm KCI, 20 mm HEPES
(pH 7.0), 2 mm KH,PO4, 4 mm ATP, 5 mm MgCl,, 1 pm Amplex
Red, 5 U/mL horseradish peroxidase superoxide dismutase (HRP)
and 40 U/mL Cu,Zn SOD, and was maintained at 37°C, unless
stated otherwise. A change in the concentration of H,O, in the
medium was detected by fluorescence of the oxidized Amplex Red
product using excitation and emission wavelengths of 550 and
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585 nm, respectively (Zhou et al. 1997). The response of Amplex
Red to H,0, was calibrated either by sequential additions of known
amounts of H,O, or by continuous infusion of H,O, at 100-
1000 pmol/min. The concentration of commercial 30% H,O,
solution was calculated from light absorbance at 240 nm employing
Ez49 = 43.6 M xem™! 13.6 ! x em™!; the stock solution was
diluted to 100 pm with water and used for calibration immediately.

Cytochrome c release from mitochondria
Aliquots of mitochondrial suspensions were taken either during or at
the end of experiments in which H,O, generation was monitored.
Mitochondria were separated from the suspending medium by
centrifugation at 14 000g for 5 min. The supernatant was carefully
removed and both the supernatant and mitochondrial pellet fractions
were immediately frozen and stored at —20°C. Cytochrome c
concentration was measured in both fractions using an ELISA kit
(R & D Systems, Minneapolis, MN, USA). Before measurement,
the supernatant and pellet samples were diluted 1 : 40 and 1 : 60,
respectively. The release of cytochrome ¢ from mitochondria was
expressed as the content of cytochrome c¢ in the supernatant as a
percentage of the total content of cytochrome c present in the
supernatant plus pellet.
Measurements of AY and extramitochondrial [Ca®*]
Qualitative changes in AY were followed using the fluorescence of
safranine (5 pm) with excitation and emission wavelengths of
495 nm and 586 nm, respectively (Votyakova and Reynolds 2001).
A semiquantitative measurement of AW was estimated from TPP"
ion distribution between the medium and mitochondria using a
custom-made TPP'-selective electrode (Kamo et al. 1979). For
these experiments, incubation medium was supplemented with
1.6 um TPP'CI™. Both the TPP -sensitive and reference electrodes
were inserted directly into the fluorimeter cuvette, and data were
collected using an amplifier and a two-channel data acquisition
system, with one channel acquiring the amplified TPP*-electrode
signal while another was dedicated to the Amplex Red fluorescence
signal. The electrode response was calibrated by sequential addition
of TPP'CI™ in the concentration range 0.2-1.6 pm, and the
mitochondrial AY was calculated as described by Rolfe ef al.
(1994). Alternatively, AY values were calculated by the procedure
reported by Rottenberg (1984), assuming that the matrix volume for
brain mitochondria is 1.2 pL per mg protein. Both procedures
yielded similar results.

Changes in the extramitochondrial medium free Ca®* were
followed using the fluorescence of Calcium Green 5N, with excitation
and emission wavelengths of 506 nm and 532 nm, respectively.

Results

To measure relatively low rates of H,O, production by brain
mitochondria, we used a fluorescent dye/horseradish peroxi-
dase detecting system employing the new peroxidase
substrate Amplex Red, based on its high sensitivity and
very low background fluorescence in the absence of a
biological peroxide-generating system (Fig. la, curve 1). We
also utilized an incubation medium that contained physio-
logically relevant concentrations of K*, P;, ATP and Mg2+, as

© 2002 International Society for Neurochemistry, Journal of Neurochemistry, 83, 220-228



222  A. A. Starkov et al.

a
(a) 1
/

448
QN 2 min
T > / )
= s 3
o 193
g. ca?* P 4
p=4 L
g 0|igO l /_7}/,91/ T

(b)
&
o
£ T 3
S
J -
2 e
b
'
2 min
E——
(c)
ca? Rotenone

L

Mit\t: '\\__J_ﬂ“_.,s-m
2 min

Fig. 1 Effects of Ca®* uptake on A¥ and H,O, production by brain
mitochondria oxidizing glutamate and malate. Incubation medium
maintained at 37°C was supplemented with 5 mm glutamate, 5 mm
malate and either 1 um Amplex Red (a), 100 nm Calcium Green 5N (b)
or 5 um safranin O (c) for measurements of H,O,, medium Ca2*
concentration or AW, respectively. Mitochondria (Mito) were added at
0.25 mg per mL mitochondria; Ca?* at 0.2 mm; EGTA at 0.5 mm,
oligomycin (Oligo) at 0.5 png/mL, and rotenone at 0.5 pwm. In tracings 1,
no additions were made following the addition of mitochondria. In
tracings 2, Ca?* was added following the addition of mitochondria. In
tracings 3, oligomycin was added before the addition of CaZ*. In tra-
cings 4, no mitochondria were added. The italicized numbers in (a)
represent rates of H,O, production in pmoles per minute per milligram
mitochondrial protein.

these components exert dramatic effects on the response of
respiring mitochondria to high levels of Ca** (Murphy et al.
1999). Under these conditions, brain mitochondria are
resistant to catastrophic bioenergetic and morphological
alterations caused by the Ca®'-induced inner membrane
permeability transition compared with, for example, liver

mitochondria, but are still susceptible to Ca®'-induced
alterations in membrane potential and cytochrome c release
across the outer membrane (Andreyev and Fiskum 1999).
Figure la curve 1 illustrates that isolated rat brain
mitochondria respiring on the NAD-linked substrates glu-
tamate and malate produce significant amounts of H,0O, in
the absence of added Ca®" or electron transport chain
inhibitors. Under these conditions the medium contaminating
free Ca®" (approximately 5 pm or 20 nmol per mg protein),
as measured by the fluorescent indicator Calcium Green 5 N,
was accumulated by the added mitochondria and a steady-
state medium [Ca®'] was maintained for at least 10-15 min
(Fig. 1b, curve 1). Parallel safranin O fluorescent measure-
ments of A¥Y indicated that AW stabilized within 2 min of the
mitochondrial addition and remained constant for at least
15 min thereafter, but rapidly dissipated upon addition of the
respiratory Complex I inhibitor rotenone (Fig. 1c, curve 1).
When brain mitochondria were exposed to a single addition
of Ca®" (800 nmol per mg protein), H,O, production was
reduced by approximately 60% (193 vs. 448 pmol per mg
protein) (Fig. la, curve 2). This amount of added Ca*" was
accumulated entirely by the rat brain mitochondria, followed
by a slow and partial release back into the medium 5-10 min
later (Fig. 1b, curve 2). The addition of Ca®" resulted in a
transient reduction in AW, as expected because mitochondrial
Ca®" uptake occurs via an electrophoretic uniporter that
draws upon the AW for active Ca’’ sequestration. The
reduction in AY (Fig. 1, curve 2) stimulates respiration-
dependent H' efflux that, in turn, drives H,PO} influx via the
electroneutral H,PO,/OH antiporter. Thus, electophoretic
uptake of Ca** followed by electroneutral uptake of P; results
in a transient collapse of AW without an increase in pH.
Approximately 1 min after the addition of Ca**, when most
of it had been accumulated, AW recovered back to its initial
level and remained stable for at least 10 min.
Mitochondrial Ca®" uptake can be driven by electrogenic
H' efflux mediated by the mitochondrial F,F; ATPase in
addition to H" extrusion mediated by the electron transport
chain. Experiments were therefore performed in the presence
of oligomycin, a specific inhibitor of the mitochondrial
ATPase, to determine the influence of ATPase activity on
mitochondrial Ca®" uptake, AY and H,O, production. In the
presence of oligomycin, the rate of H,O, production before
Ca*" addition was slightly higher than in its absence (310 vs.
242 pmol per mg protein). However, following the addition
of Ca*", the rate of H,O, production was approximately 50%
of that in its absence (91 vs. 193 pmol per mg protein), and
only 20% of that observed in the absence of added Ca** (91
vs. 448 pmol per mg protein) (Fig. 1a, curve 3). In the
presence of oligomycin, mitochondrial Ca®" uptake was
initially as, or more, rapid than in its absence but converted to
a relatively very slow, sustained rate of net uptake within a
minute after the addition of Ca®" (Fig. 1b, curve 3). The
presence of oligomycin also resulted in a greater decline in
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AY upon addition of Ca®" and a sustained reduction in A¥
for at least 8 min (Fig. lc, curve 3). The Ca®'-dependent
reduction in AY was partially reversed by the subsequent
addition of the Ca>* chelator EGTA (Fig. lc, curve 3), as was
the Ca**-dependent reduction in H,O, production (Fig. 1a,
curve 3). Thus, ATPase-mediated electrogenic H' efflux
contributes to the maintenance of AY during and following
mitochondrial uptake of large Ca®" loads, but is incapable of
completely sustaining AY in the absence of respiration.
Mitochondrial ROS production was much faster with
Complex II-linked substrate succinate compared with Com-
plex I-dependent substrates. Within 2 min following the
addition of rat brain mitochondria to the incubation medium
containing 5 mMm succinate, there was a dramatic increase in
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Fig. 2 Effects of Ca®* uptake on A¥ and H,O, production by brain
mitochondria oxidizing succinate. Incubation medium maintained at
37°C was supplemented with 5 mm succinate and either 1 um Amplex
Red (a) or 5 um safranin O (b) for measurements of H,O, or AY,
respectively. Mitochondria (Mito) were added at 0.125 mg per mL
mitochondria; Ca®* at 0.2 mm; EGTA at 0.5 mm, rotenone at 0.5 iy
and FCCP at 50 nm. The italicized numbers in panel (a) represent
rates of H,O, production in pmoles per minute per miligram mito-
chondrial protein.
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H,0, production (Fig. 2a), at a rate that was seven to eight
times faster than that observed in the presence of glutamate
plus malate (1700-2000 vs. 250 pmol per mg mitochondrial
protein). The delayed activation of succinate-supported H,O,
production corresponded to the time at which the AW reached
its maximum level following addition of mitochondria to the
medium (Fig. 2b) (Korshunov ef al. 1997). Subsequent
addition of 0.2 mm Ca®' resulted in an immediate and
almost complete inhibition of H,O, production (68 vs.
1760 pmol per mg protein) (Fig. 2a, curve 1). At this level of
Ca?", AY was transiently reduced then recovered, albeit to a
level that was lower than that maintained in the absence of
added Ca®" (Fig. 2b, curve 1). Whereas EGTA significantly
reversed the effect of Ca®" on ROS production and AY in the
presence of Complex I-linked substrates, it was unable to
reverse the effects of Ca®" in the presence of the Complex II
substrate succinate (Figs 2a and b, curves 1).

The Complex I inhibitor rotenone was capable of stimu-
lating mitochondrial H,O, production in the presence of Ca*"
but had a negligible effect on the Ca®*-induced reduction of
AY (Figs 2a and b, curves 1), as expected as rotenone
inhibits NAD-linked but not succinate-supported respiration.
The rate of H,O, production observed following the addition
of Ca®" and then rotenone was still far lower than the initial
rate observed in the absence of both agents (469 vs.
1760 pmol per mg protein). This finding verifies the
contribution of rotenone-sensitive reversed electron flow
through Complex I as a major site of ROS production
supported by succinate (Hinkle et al. 1967; Hansford et al.
1997; Korshunov et al. 1997; Turrens 1997; Lass et al.
1998; Votyakova and Reynolds 2001; Liu et al. 2002).
However, in the absence of added Ca®’, the addition of
rotenone resulted in a rate of H,O, production that was
substantially lower than that following the addition of Ca®"
(264 vs. 469 pmol per mg protein; Fig. 2a, curve 2). This
stimulatory effect of Ca®" on succinate-supported H,O,
production in the presence of rotenone was further verified
by the addition of Ca** following rotenone, after which the
rate of H,O, production increased from 250 to 462 pmol per
mg protein (Fig. 2a, curve 3). In contrast to the sustained
reduction in A¥ observed upon addition of Ca®" in the
absence of rotenone, mitochondrial Ca** uptake in the
presence of rotenone resulted in the normal transient drop in
AY followed by a complete recovery and a subsequent
steady but minor depolarization (Fig. 2b, curve 3). These
results further demonstrate that when exposure of mitochon-
dria to high levels of Ca** results in a reduction in A¥, ROS
production is inhibited. Under conditions in which ROS
production is independent of AW, e.g. in the presence of
rotenone, Ca”" can actually stimulate ROS production.

Experiments were then performed to test the hypothesis
that a reduction in AY is a sufficient explanation for the
inhibition of H,O, production by Ca®" with either succinate
or the NAD-linked substrates glutamate and malate. It is
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known that succinate-supported H,O, production is inhibited
by mitochondrial depolarization (Hansford ef al. 1997;
Korshunov et al. 1997). The dependence of succinate-
supported ROS generation on AW is due to the reverse electron
transport from Complex II through coenzyme Q to Complex I.
The potential energy of A is necessary to overcome the redox
potential difference between Complex I and coenzyme Q that
promotes Complex I oxidation and coenzyme Q reduction.
Although the quantitative relationship between AY and ROS
production during succinate-dependent reversed electron
transport is established (Korshunov et al. 1997), it has not
been determined for ROS generation that occurs during
electron transport driven by NAD-linked substrates. This
relationship was explored by measuring mitochondrial H,O,
production in the presence of glutamate and malate and in the
presence of several concentrations of FCCP, a protonophoric
uncoupling agent. In order to demonstrate a quantitative
relationship, the experimental system utilized the mitochond-
rial uptake of the lipophilic cation TPP" as a measure of AW.
The system was also simplified by omitting ATP from the
medium and adding the Ca®* chelator EGTA to prevent
possible interference from contaminating Ca®" in the medium.
The results shown in Fig. 3 indicated that H,O, production
supported by oxidation of NAD-linked substrates is indeed
dependent on AW, being very sensitive to fluctuations in AY
between approximately 150 and 180 mV. These results
however, also demonstrate that approximately 30% of the
maximal H,O, production is insensitive to AY.

The reduction in A¥Y caused by mitochondrial Ca*"
accumulation is a sufficient explanation for the inhibition
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Fig. 3 Relationship between rate of H,O, production and AY for brain
mitochondria oxidizing glutamate and malate. Mitochondria were
added at a concentration of 0.25 mg/mL to the standard incubation
medium except that ATP was omitted, MgCl, was present at 1 mwm,
and the medium was supplemented with 0.25 mm EGTA, 1.6 um
TPP*CI", 5 mm glutamate and 5 mm malate. A TPP* electrode was
used to measure the medium TPP* concentration both in the absence
of FCCP and in the presence of 22, 47, 76 and 110 pmol FCCP per mg
mitochondrial protein to modulate the AW. Values for AY were calcu-
lated as described in Materials and Methods. Values represent
means + SE of four independent experiments.

by Ca*" of H,0, production both with succinate (in the
absence of rotenone) or NAD-linked substrates. This effect
cannot, however, explain the increase in succinate-supported
H,0, generation caused by Ca® in the presence of the
Complex I inhibitor rotenone. We hypothesized that Ca**-
induced cytochrome c release might be responsible for this
phenomenon because cytochrome c release has been asso-
ciated with increased oxidative stress in apoptotic cells (Cai
and Jones 1998), and cytochrome ¢ is released by brain
mitochondria in response to Ca®>" uptake under conditions
similar to those used in the current study (Andreyev et al.
1998; Andreyev and Fiskum 1999). A comparison between
rates of H,O, production and the distribution of cytochrome
¢ between the mitochondria and the suspending medium at
the end of the H,O, measurements is provided in Figs 4 and
5 for succinate (in the presence of rotenone) and glutamate
plus malate, respectively. The accumulation of Ca** resulted
in a net 10% release of cytochrome c¢ in the presence of
succinate and 5% release in the presence of glutamate plus
malate. This was accompanied by an approximately 60%
increase in H,O, formation with succinate and a greater than
60% reduction in H,O, with glutamate and malate. Thus
Ca®" induces the release of mitochondrial cytochrome ¢ in
the presence of either malate plus glutamate or succinate but
only stimulates H,O, production when succinate is present as
the electron donor and rotenone is present to inhibit reversed
electron transport that is driven by A'Y.
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Fig. 4 Ca®*-induced cytochrome c release and stimulation of H,O,
production by brain mitochondria oxidizing succinate. Mitochondria
were added at a concentration of 0.25 mg/mL to the standard incu-
bation medium maintained at 37°C and supplemented with 5 mm
succinate. As in Fig. 2, approximately 3 min later, rotenone (0.2 um)
was added, followed 2 min later by either Ca®* (0.2 mwm) or vehicle
control (H20). The rate of H,O, production was determined by the rate
of increase in Amplex Red fluorescence. At approximately 8 min fol-
lowing the addition of Ca®*, the suspension was centrifuged and the
pellet and supernatant fractions used for ELISA of cytochrome c¢
content, as described in Materials and Methods. Values represent the
mean + SE of four independent experiments. *p < 0.05 versus without
Ca®* by Student's t-test.
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Fig. 5 Ca®*-induced cytochrome c release and inhibition of H,O,»
production by brain mitochondria oxidizing glutamate and malate.
Mitochondria were added at a concentration of 0.25 mg/mL to the
standard incubation medium maintained at 37°C and supplemented
with 5 mm glutamate and 5 mm malate. As in Fig. 1, approximately
4 min later, Ca®* (0.2 mm) or vehicle control (H,O) were added and the
rate of H,O, production was determined by the rate of increase in
Amplex Red fluorescence. At approximately 10 min following the
addition of Ca®*, the suspension was centrifuged and the pellet and
supernatant fractions were used for ELISA of cytochrome c content, as
described in Materials and Methods. Values represent the mean + SE
of four independent experiments. *p < 0.05 versus without Ca®* by
Student’s t-test.

Additional evidence for the direct role of cytochrome ¢
release in stimulating mitochondrial ROS formation came
from experiments in which release was mediated by exposure
of brain mitochondria to the pro-apoptotic protein Bax
together with a synthesized peptide that contains the BH3
death domain amino acid sequence. We previously demon-
strated that this peptide triggers Bax-dependent release of
cytochrome ¢ by specifically increasing the permeability of
the mitochondrial outer membrane without affecting inner
membrane permeability or other components of the electron
transport chain (Polster er al. 2001). Figure 6a provides
representative fluorescent measurements of H,O, generation
by rat brain mitochondria respiring on glutamate and malate
in the presence of 100 nm human recombinant full-length
Bax and in the absence or presence of 50 um BH3 peptide. In
the absence of the peptide, H,O, produced in the presence of
Bax was identical to that in its absence (not shown). In these
experiments, ADP was added to the suspension, inducing
State 3 respiration. Under these conditions, the redox state of
potential sites of ROS production is relatively oxidized and
therefore inhibition of electron transport by release of
cytochrome ¢ should cause a maximal shift toward a reduced
redox state. In the absence of BH3 peptide, H,O, formation
increased slowly over approximately 10 min and was
stimulated by over 100% upon addition of the Complex I
inhibitor rotenone (732 vs. 277 pmol per min per mg
protein). The rate of H,O, generation observed 10 min
following the addition of the BH3 peptide was 70% greater
than the timed control (466 vs. 277 pmol per min per mg
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Fig. 6 Stimulation of cytochrome c release and H,O, production by
brain mitochondria by addition of Bax plus a BH3 domain peptide.
Mitochondria were added at a concentration of 0.125 mg/mL to the
standard incubation medium maintained at 37°C and supplemented
with either 5 mm glutamate and 5 mm malate or 5 mm succinate. (a)
Amplex Red measurements of H,O, generation. At approximately
3 min following addition of brain mitochondria to media containing
glutamate and malate and 100 nm Bax (see Materials and methods),
0.1 mm ADP was added to initiate State 3 respiration. Approximately
2 min later, 50 um BH3 peptide or vehicle control (H,O) was added.
Rotenone (0.2 um) was added 9 min later to elicit maximal H,O,
production. (b) Relationship between H,O, production and release of
cytochrome c¢ caused by exposure of brain mitochondria to Bax plus a
BH3 peptide. In experiments such as that shown in (a) aliquots of the
mitochondrial suspension were removed before and two or three times
after addition of the BH3 peptide or vehicle, centrifuged and used
for ELISA of cytochrome c release from the mitochondria into the
medium. The corresponding rate of HO, production refers to the rate
obtained just before removal of the aliquot for cytochrome ¢ meas-
urement. Experiments were performed either in the presence of 5 mm
succinate (O) or 5 mm glutamate and 5 mm malate (H).

protein) and was further stimulated by the addition of
rotenone. In the absence of added Bax, BH3 peptide had no
effect on ROS production by adult rat brain mitochondria
(not shown), consistent with its inability to release cyto-
chrome ¢ from these mitochondria in the absence of
exogenous Bax (Polster e al. 2001). Thus, in contrast to
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the inhibition of H,O, production by added Ca®" when
NAD-linked respiratory substrates were present (Fig. 1a), the
presence of Bax plus a BH3 peptide substantially stimulates
mitochondrial H,O, formation. An approximately 70%
stimulation of H,O, formation by Bax plus the BH3 peptide
was observed in the presence of succinate plus rotenone (not
shown). Thus, cytochrome c¢ release per se stimulates
mitochondrial ROS generation in the presence of either
Complex I or Complex II respiratory substrates.

As the rate of H,O, production was non-linear during the
course of these experiments and as Bax—BH3-mediated
cytochrome c release takes several minutes to occur, we took
aliquots of the mitochondrial suspension during the course of
the H,O, measurements for quantification of cytochrome ¢
distribution to determine if a relationship exists between the
extent of release and the rate of H,O, formation. These
aliquots were taken immediately before the addition of the
BH3 peptide or vehicle and 5 and 8 min later. The extent of
cytochrome ¢ release and the corresponding rates of H,O,
generation measured just before sampling using glutamate
and malate or succinate (in the presence of rotenone) are
presented in Fig. 6b. The H,0, production rate was greater
for mitochondria respiring on succinate than on glutamate
and malate in the absence of BH3 peptide with background
release of 5-12% of the total cytochrome ¢. However, after
5 min exposure to the BH3 peptide, the extent of cytochrome
¢ release was similar under these two conditions (60-65%),
as were the rates of H,O, formation (360—420 pmol per min
per mg protein). An additional 3-min exposure to the BH3
peptide resulted in an additional approximately 10% release
of cytochrome ¢ and rates of H,O, production that were very
similar for the two sets of respiratory substrates (466—
520 pmol per min per mg protein). These results indicate that
the release of cytochrome ¢ by Bax plus a BH3 peptide
results in a dose-dependent stimulation of mitochondrial
ROS formation under physiologically relevant in vitro
conditions with either succinate or NAD-linked respiratory
substrates.

Discussion

The main conclusion that can be drawn from this study is that
when AY is reduced with mitochondria respiring on either
NAD-linked substrates or succinate in the absence of
rotenone, ROS production is inhibited (Figs 1, 2, 3 and 5).
Conversely, the release of cytochrome ¢ by either mitoch-
ondrial Ca*" accumulation or by exposure to Bax and a BH3
domain peptide can significantly stimulate mitochondrial
ROS production apparently independently of AW (Figs 2, 4
and 6). These observations were made in vitro in the absence
of respiratory inhibitors and in the presence of physiologi-
cally relevant levels of ATP, Mg”" and other ions that have a
profound influence on mitochondrial energy coupling and on

mitochondrial responses to raised levels of Ca®". We
therefore believe that these observations may be highly
relevant to the effects of both pathological levels of Ca®" and
the apoptotic redistribution of Bax and BH3 domain proteins
that occurs in response to many forms of neuronal stress.

The modulation of mitochondrial ROS generation
observed in the presence of NAD-linked oxidizable sub-
strates is particularly important as these substrates constitute
the primary source of fuel for oxidative cerebral energy
metabolism. In the presence of ATP, the uptake of Ca**
inhibited H,O, generation (Figs 1 and 5). This inhibition
appears to be due to more than one mechanism, as indicated
by differences in Ca®"-induced mitochondrial depolarization
and inhibition of ROS production in the absence and
presence of oligomycin (Fig. 1). When ATP turnover was
blocked by oligomycin, Ca®* caused a substantial collapse in
AY and ~ 60% inhibition of H,O, generation. In the absence
of oligomycin, Ca*" accumulation resulted in no sustained
reduction in AW but ROS generation was still inhibited by
~80%. As independent experiments performed in the
absence of Ca?" and in the presence of different concentra-
tions of the protonophore uncoupler FCCP demonstrated that
> 50% of NAD-linked ROS production is sensitive to AY
(Fig. 3), we conclude that mitochondrial depolarization is
one of the mechanisms by which Ca®" inhibits H,O,
formation. Votyakova and Reynolds (2001) reported previ-
ously that the presence of an uncoupler does not stimulate
NAD-linked mitochondrial ROS production; however, the
rates of H,O, generation they observed using the scopoletin
method of detection were too low to detect any inhibitory
influence of membrane depolarization. The mechanism by
which loss of AY reduces mitochondrial H,O, formation
probalby involves the oxidation of redox centers, e.g.
coenzyme Q or iron-sulfur proteins, which probably mediate
the generation of superoxide and therefore H,O,.

Ca**-induced mitochondrial depolarization cannot explain
the inhibition of NAD-linked H,O, formation observed in
the absence of oligomycin as AY was fully preserved
(Fig. 1). One possible explanation for this A'Y-independent
inhibition is that Ca®" may impair the flow of electrons
within the electron transport chain at a site, most likely
within Complex I, that is proximal to the site of ROS
generation. Evidence for selective impairment of NAD-
linked respiration by Ca®" was originally reported for ascites
tumor cell mitochondria (Villalobo and Lehninger 1980), and
more recently for neural cell mitochondria (Murphy et al.
1996). Although such inhibition could be caused by release
of mitochondrial NAD(H) mediated by the Ca®'-activated
permeability transition (Maciel et al. 2001), it is clear from
the maintenance of AW that the permeability transition did
not occur under these conditions.

Mitochondrial Ca** uptake had an even greater inhibi-
tory effect on succinate-driven H,O, production than on
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NAD-linked ROS generation (Fig. 2). The explanation for
the greater inhibition with succinate is that Ca**-induced loss
of AY deprives mitochondria of the energy required for
reverse transport of electrons from Complex II through
coenzyme Q to Complex I where sites of succinate-based
ROS formation are located (Korshunov et al. 1997; Turrens
1997; Lass et al. 1998; Liu et al. 2002). The most novel
observation made with succinate as the respiratory substrate
in the presence of rotenone was that Ca*" actually stimulated
H,0, production. Under these conditions, Ca®"-induced
changes in AY were not expected to affect H,O, production
as reverse electron transport is inhibited by the presence of
rotenone. Therefore, Ca®'-induced release of cytochrome ¢
was pursued as a possible mechanism for its stimulation of
H,0, generation.

Quantitative analysis of the extent of cytochrome c
released by the end of experiments such as those shown in
Figs 1 and 2 indicated that a small but significant percentage
of cytochrome ¢ was released following the addition of Ca*"
when either glutamate and malate, or succinate were used as
respiratory substrates (Figs 4 and 5). Although cytochrome ¢
was released in response to the addition of Ca?" under both
conditions, Ca*" only stimulated the production of H,0, in
the presence of succinate plus rotenone. The fact that
cytochrome ¢ release was observed under these conditions
suggested, but did not prove, that it was responsible for the
stimulation of H,0, generation by Ca". Further support for
this hypothesis came from experiments performed in the
absence of Ca”" but in the presence of Bax and a BH3 death
domain peptide.

Ca**-independent stimulation of H,O, production was
dependent on the presence of both the human recombinant
full-length Bax and the BH3 peptide as neither component
alone had any effect on either ROS generation or cytochrome
c release (Fig. 6) (Fiskum and Polster 2001; Polster et al.
2001). Release of cytochrome ¢ was accompanied by
increased H,O, production in the presence of glutamate plus
malate, or succinate plus rotenone. As the release of
cytochrome c interrupts the flow of electrons at a site distal
to the sites of ROS generation, their redox states shift to a more
reduced level. Under these conditions, these redox centers are
unaffected by AW because electron transport is severely
inhibited by the loss of cytochrome c. Therefore, mitochond-
rial H,O, production is insensitive to A¥Y when cytochrome ¢
is released by conditions, e.g. the Bax/BH3 system, in which
no other electron transport activities are altered.

Although the most plausible explanation for the stimula-
tion of ROS production by the release of cytochrome ¢
relates to the effect of respiratory inhibition on the redox state
of superoxide-generating sites proximal to the site of
inhibition, other mechanisms may also contribute. One
mechanism is the reduction of superoxide scavenging by
cytochrome ¢ when it is lost from the mitochondrial
intermembrane space to the cytosol (Korshunov et al.
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1999). This mode of action is supported by the findings that
a substantial fraction of mitochondrial superoxide formation
occurs at the outer side of the inner membrane, where
cytochrome c¢ is normally present in equilibrium with the
unbound protein in the intermembrane space at a concentra-
tion of 100-700 pm (Hackenbrock 1966; Hackenbrock
1968). Despite its possible exacerbation of mitochondrial
ROS generation, the redistribution of cytochrome ¢ into the
cytosol has been proposed to help scavenge superoxide or
other ROS in that compartment during glutamate excito-
toxicity (Atlante et al. 2000).

Considerable attention has been focused on the role of
raised intracellular Ca®" in mitochondrial dysfunction and
ROS production preceding neural cell death (Fiskum 2000).
Recent investigations indicate that the interaction of Bax
with BH3 death domain only proteins, e.g. Bid, at the
mitochondrial level also contributes significantly to cell
death in animal models of acute brain injury and neuro-
degenerative diseases (Plesnila et al. 2001; Vila et al.
2001). One study demonstrated a relationship between
these two forms of stress with Ca**-induced mitochondrial
permeability transition signaling the redistribution of cyto-
solic Bax to the mitochondrial membrane before cyto-
chrome ¢ release during apoptosis (De Giorgi et al. 2002).
Our observations suggest that the stimulation of mitoch-
ondrial ROS generation by Bax-mediated cytochrome c¢
release may be particularly important in the pathogenesis of
neural cell death. This stimulation can occur in the presence
of either Complex I or Complex II respiratory substrates,
physiological concentrations of ATP and inorganic ions,
and in the absence of respiratory poisons. Development
of inhibitors of Bax-mediated cytochrome c release is
extremely important as they should both block caspase-
mediated apoptosis and obstruct the mitochondrial genera-
tion of ROS that can promote either apoptotic or necrotic
cell death.
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ABSTRACT: Mitochondrial dysfunction, due to either environmental or genetic
factors, can result in excessive production of reactive oxygen species, triggering
the apoptotic death of dopaminergic cells in Parkinson’s disease. Mitochondri-
al free radical production is promoted by the inhibition of electron transport
at any point distal to the sites of superoxide production. Neurotoxins that in-
duce parkinsonian neuropathology, such as MPP" and rotenone, stimulate su-
peroxide production at complex I of the electron transport chain and also
stimulate free radical production at proximal redox sites including mitochon-
drial matrix dehydrogenases. The oxidative stress caused by elevated mito-
chondrial production of reactive oxygen species promotes the expression and
(or) intracellular distribution of the proapoptotic protein Bax to the mitochon-
drial outer membrane. Interactions between Bax and BH3 death domain pro-
teins such as tBid result in Bax membrane integration, oligomerization, and
permeabilization of the outer membrane to intermembrane proteins such as
cytochrome c. Once released into the cytosol, cytochrome c together with other
proteins activates the caspase cascade of protease activities that mediate the
biochemical and morphological alterations characteristic of apoptosis. In addi-
tion, loss of mitochondrial cytochrome ¢ stimulates mitochondrial free radical
production, further promoting cell death pathways. Excessive mitochondrial
Ca?* accumulation can also release cytochrome ¢ and promote superoxide pro-
duction through a mechanism distinctly different from that of Bax. Ca%* acti-
vates a mitochondrial inner membrane permeability transition causing
osmotic swelling, rupture of the outer membrane, and complete loss of mito-
chondrial structural and functional integrity. While amphiphilic cations, such
as dibucaine and propranolol, inhibit Bax-mediated cytochrome c release,
transient receptor potential channel inhibitors inhibit mitochondrial swelling
and cytochrome c release induced by the inner membrane permeability transi-
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tion. These advances in the knowledge of mitochondrial cell death mechanisms
and their inhibitors may lead to neuroprotective interventions applicable to
Parkinsons’s disease.

KEYWORDS: apoptosis; cytochrome c; calcium; excitotoxicity; Bax

INTRODUCTION

Parkinson’s disease (PD) is a progressive neurodegenerative disease character-
ized clinically by bradykinesia, rigidity, resting tremor, and ataxia. These symptoms
are caused by decreased dopamine release in the striatum. Pathologically, PD is
characterized primarily by the death of dopaminergic neurons in the substantia nigra
pars compacta and the formation of ubiquitin- and a-synuclein—positive cytoplasmic
inclusions (Lewy bodies). The molecular mechanisms responsible for these changes
are not clearly understood. One theory is that mitochondrial dysfunction, due to ei-
ther environmental or genetic factors, results in excessive oxidative stress that trig-
gers apoptotic cell death.

EVIDENCE FOR A MITOCHONDRIAL ETIOLOGY OF
PARKINSON’S DISEASE

Several lines of evidence support the hypothesis that mitochondrial dysfunction
contributes to the etiology of Parkinson’s disease. Electron transport chain complex
I activity is reduced in PD substantia nigra autopsy specimens as well as in PD plate-
lets.!:2 A mitochondrial genomic etiology for defective complex I in PD is strongly
suggested by the presence of altered complex I activity, abnormal mitochondrial
morphology, and impaired mitochondrial energy-dependent activities in cybrid cell
lines containing a normal nuclear genome but mitochondrial DNA from PD pa-
tients.>™ Parkinson’s disease cybrids are also more sensitive to death induced by
MPP™, a dopaminergic neuron-selective toxin that induces Parkinson-like lesions
and symptoms in both humans and animals.* Additional evidence for a mitochondri-
al etiology of PD is the finding that chronic systemic treatment of rats with rotenone,
a highly specific complex I inhibitor, can induce Lewy body neuropathology in ad-
dition to nigrostriatal dopaminergic degeneration and neurologic features of PD.6

MITOCHONDRIAL INITIATION OF NECROTIC AND
APOPTOTIC CELL DEATH

Mitochondria have long been considered as mediators of cell death in neuro-
degenerative disorders. The significance of mitochondrial injury was previously
thought to be limited to the potential effects such injury has on maintaining sufficient
cellular ATP to avoid necrotic cell death. However, we now understand that mito-
chondria are the primary mediators of cell death caused by abnormal levels of intra-
cellular Ca?* elicited during excitotoxicity” and that mitochondrial mechanisms of
neural cell death include oxidative stress and apoptosis in addition to metabolic fail-
ure (F1G. 1). Relatively mild mitochondrial injury, where ATP levels are maintained
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FIGURE 1. Mitochondrial mechanisms of neural cell death. Exitotoxic levels of intra-
cellular Ca?* accumulate within mitochondria, potentially causing metabolic failure, oxida-
tive stress, and apoptosis via the release of cytochrome c and other proapoptotic
mitochondrial proteins. Proteins, such as Bax, also mediate the release of mitochondrial cy-
tochrome c, which, in addition to activating the caspase apoptotic cascade, can also stimu-
late mitochondrial free radical production. The levels and (or) subcellular distribution of
these proteins is under the control of trophic factors and is also affected by oxidative stress.
Mitochondrial free radical production is stimulated by the neurotoxins MPP* and rotenone
and may be elevated by genomic or environmentally mediated alterations in electron trans-
port chain activities.

near normal, results in mainly apoptotic cell death. More extensive injury that causes
ATP depletion shifts the form of cell death toward necrosis. Excessive accumulation
of CaZ™ that occurs during excitotoxic stimulation is likely not the only mediator of
mitochondrial injury. Mitochondria are the targets of reactive oxygen species (ROS)
generated by a number of different systems, including the mitochondrial electron
transport chain (ETC), cyclooxygenases, Fe2*-catalyzed hydroxyl radical (OH") for-
mation, and peroxynitrite formed from the reaction of nitric oxide (NO®) with super-
oxide (O,7). The levels and activities of mitochondrial antioxidant defense
systems—for example, superoxide dismutase and glutathione peroxidase—and the
redox state of mitochondrial NAD(P)H are therefore extremely important determi-
nants of the extent of oxidative mitochondrial injury and neural cell survival.

THE INTRINSIC MITOCHONDRIAL PATHWAY OF APOPTOSIS

Discovery of the involvement of the release of mitochondrial cytochrome ¢ in the
activation of the cell death protease (caspase) cascade leading to apoptosis is one of
the most important and certainly most unexpected events in the history of cell death
research (FIG. 2). Release of several proapoptotic mitochondrial proteins, such as cy-
tochrome ¢ and apoptosis initiating factor (AIF), and their redistribution to the cytosol
and nucleus during neural cell death in vitro and in vivo are well documented.” Sev-
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FIGURE 2. Mitochondrial participation in apoptosis. Agents, such as Ca?*, ROS, and
ceramide, as well as proapoptotic proteins, such as Bax, stimulate the release of other pro-
apoptotic proteins—for example, cytochrome ¢ (C in the figure)—from the mitochondrial
intermembrane space into the cytosol. Cytochrome ¢ and procaspase 9 together with apop-
tosis activating factor 1 (Apaf-1) form a multiprotein complex (apoptosome) that activates
caspase 9, which then cleaves procaspase 3, forming active caspase 3. This caspase, together
with other caspases it activates, proteolytically degrades a variety of proteins, causing the
molecular and morphological alterations characteristic of apoptosis. Cell surface “death re-
ceptors,” such as Fas, can activate caspase 3 directly through activation of caspase 8 (not
shown) or participate in the mitochondrial pathway by processing Bid to form tBid, which
greatly stimulates the release of cytochrome ¢ by Bax. The antiapoptotic protein Bcl-2 is ca-
pable of inhibiting the release of cytochrome ¢ mediated by either CaZ* or Bax.

eral factors are capable of triggering the release of proapoptotic proteins from mito-
chondria, including elevated Ca?*, ROS, ceramide, and other cell death proteins, such
as Bax and tBid. Some apoptotic proteins, such as tBid, are activated by proteolytic
cleavage and redistribute to the mitochondria in response to signals—for example, ac-
tivation of the Fas and tumor necrosis factor (TNF)-a “cell death receptors.” In addi-
tion to setting the mitochondrial pathway in motion, these receptors can trigger
apoptosis via an “extrinsic pathway” by stimulating caspase 8—medated activation of
caspase 3 through proteolytic cleavage. We obtained evidence for Fas receptor acti-
vation in the penumbra surrounding brain infarcts caused by closed head injury in hu-
mans.® The involvement of Fas and TNFa. receptor activation in PD dopaminergic
cell death is less clear. While the ligands for these receptors and other inflammatory
cytokines are elevated in nigrostriatal dopaminergic regions and in the cerebrospinal
fluid of PD patients,” these changes may reflect nonneuronal, proinflammatory cell
activation.!? Despite this controversy, abundant evidence obtained from patients and
from animal models indicates that apoptosis plays a critical role in PD dopaminergic
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cell death and that the mitochondrial pathway of apoptosis is integrally involved.!!
Therefore, the molecular mechanisms responsible for the release of proapoptotic pro-
teins from mitochondria are potential targets for therapeutic intervention in PD.

There are two fundamentally different mechanisms of mitochondrial protein re-
lease under consideration. The first involves physical disruption of the mitochondrial
outer membrane and simple diffusion of cytochrome ¢ from its normal exclusive lo-
cation in the space located between the outer and inner mitochondrial membranes.
The second mechanism involves transport of cytochrome ¢ through a pore located in
the outer membrane.

A likely cause for the physical disruption of the outer membrane is the osmotic
swelling of the compartment surrounded by the inner membrane (matrix) due to an
increased permeability of the inner membrane to small osmotically active solutes.
There is a large body of literature describing this swelling phenomenon known as the
mitochondrial membrane permeability transition (MPT).!2 This activity is triggered
by abnormal mitochondrial Ca2* accumulation and is promoted by oxidative stress
and reactive metabolites, such as peroxynitrite. The MPT is generally defined as a
relatively nonspecific increase in inner membrane permeability that results in a sub-
stantial increase in matrix volume and a decrease in mitochondrial membrane poten-
tial that can be inhibited by the presence of the drug cyclosporin A (CsA) and by
overexpression of the antiapoptotic gene Bcl-2,!3 both of which protect against
MPP*-induced dopaminergic cell death.!*!> Although CsA is very effective at in-
hibiting the MPT for non neural cell mitochondria, CaZ*-induced cytochrome c re-
lease from brain mitochondria is relatively resistant to inhibition by CsA in the
presence of physiologically realistic concentrations of the cytosolic components
MgZ" and ATP.16

We recently found that 2-aminoethoxydiphenyl borate, an inhibitor of transient
receptor potential (TRP) channels, is much more effective than CsA at protecting
against Ca’*-induced cytochrome c release from brain mitochondria.!” This obser-
vation and others suggest that the MPT is associated with activation of Trp channels,
a potential new class of targets for neuroprotection in PD and other brain disorders.

The MPT is an attractive mechanism of acute neural injury due to its activation
by factors known to be associated with excitotoxicity and because of its sensitivity
to inhibition by certain drugs and gene products known to be neuroprotective. How-
ever, increasing evidence indicates that the mechanism by which proapoptotic pro-
teins such as Bax and tBid release cytochrome c and cause other forms of
mitochondrial dysfunction is independent of the MPT and involves either pore for-
mation or lipid alterations at the mitochondrial outer membrane.!8-20 The potential
importance of Bax in PD is illustrated by the observation that Bax-knockout mice
are resistant to nigrostriatal cell death induced by MPP* 2!

The Bax-mediated mechanism of cytochrome c release is not inhibited by CsA
but is inhibited by specific amphiphilic cations, such as dibucaine and propranolol,
known to affect membrane lipid—protein interactions.22 In addition to activation of
proapoptotic proteins like Bid by cell death receptors, expression of the genes coding
for these proteins and mitochondrial—protein interactions are promoted by high Ca2*+
and ROS through their stimulation of complex signal transduction cascades.??
Therefore, Ca?* together with oxidative stress can promote cytochrome ¢ release and
apoptosis by both the MPT- and Bax-mediated molecular mechanisms that exhibit
different pharmacologic sensitivities.
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Mechanisms of mitochondrial proapoptotic protein release in addition to the
MPT- and Bax-dependent pathways should also be considered. As AIF release ap-
pears downstream of cytochrome c release and caspase activation,?* it is possible
that proteolytic cleavage of AIF or an anchoring protein might be necessary. Also,
as cytochrome c release stimulates mitochondrial generation of reactive oxygen spe-
cies,?> the oxidative modification of mitochondrial membrane lipids or proteins
could be another event responsible for or promoting release of proapoptotic mito-
chondrial proteins.

A possible key to the development of mitochondrial neuroprotective interven-
tions is the understanding of the mechanisms by which the antiapoptotic, mitochon-
drial protein Bcl-2 inhibits cytochrome c release mediated by both MPT-dependent
and -independent pathways. Bcl-2 and its close relative Bcl-X| exert some form of
antioxidant activity that confers cytoprotection against ROS that may also inhibit ac-
tivation of the MPT.!3-20 In contrast, Bcl-2 inhibition of Bax appears to involve di-
rect protein—protein interaction, impairment of Bax oligomerization, and
consequently inhibition of pore formation.2” Stimulation of Bcl-2 expression has
been demonstrated in several ischemic preconditioning paradigms and may repre-
sent a primary mechanism of neuroprotection by estrogen.® Investigators have also
utilized protein transduction domains to deliver exogenous Bcl-X; to cells through-
out the brain and have demonstrated neuroprotection when these fusion proteins
were administered by intraperitoneal injection up to 1 hour following the occlusion
of the middle cerebral artery of mice.2? Delivery of neuroprotective proteins, such
as Bcl-2 and glial cell line—derived neurotrophic factor (GDNF), as a therapeutic ap-
proach for neurodegenerative disorders like Parkinson’s disease is therefore possible
and may prove to be effective.

MITOCHONDRIAL MECHANISMS OF REACTIVE OXYGEN
SPECIES GENERATION

As several lines of evidence suggest that elevated mitochondrial ROS production
contributes to the etiology of Parkinson’s disease and as oxidative stress is a potent
activator of apoptosis, understanding the mechanisms of mitochondrial free radical
production is critically important in elucidating the pathophysiology of Parkinson’s
and other neurodegenerative diseases. The two most commonly cited sites of mito-
chondrial ROS production are ubisemiquinone (during complex III reduction) and
complex I, although others, such as complex II, may also contribute.3? The site of
mitochondrial ROS production implicated most strongly in Parkinson’s disease is
complex I of the electron transport chain. Some neurotoxins that induce PD neuro-
pathology in vivo, such as MPP* and rotenone, are inhibitors of complex I and stim-
ulate ROS generation in vitro.3! Acting along with hydroxyl radical (OH") and
peroxynitrite (HNOO™), these ROS species can cause oxidative damage and inhibi-
tion of mitochondrial enzyme activities, including those of complex I and alpha-ke-
toglutarate dehydrogenase complex (aKGDC) (FIG. 3).32:33 This inhibition can lead
to metabolic failure through impairment of electron transport—dependent generation
of the proton-motive force that drives the synthesis of ATP. Complete detoxification
of superoxide depends on the enzymes superoxide dismutase (SOD), glutathione
peroxidase (GPX), and glutathione reductase (GR) together with glutathione and a
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FIGURE 3. Mitochondrial generation and detoxification of reactive oxygen species.
The site of mitochondrial reactive oxygen species (ROS) production most widely implicated
in Parkinson’s disease is complex I of the electron transport chain. Indirect evidence for in-
volvement of complex I includes the observations that neurotoxins capable of inducing Par-
kinson’s symptoms and neuropathology in vivo, such as MPP* and rotenone, are inhibitors
of complex I and stimulate ROS generation in vitro. However, these same agents result in
inhibition of the overall enzyme activity of o-ketoglutarate dehydrogenase complex
(0KGDC), a multisubunit complex that can also catalyze superoxide (O,") and consequent-
ly H,O, production. The ROS metabolites most likely to mediate oxidative injury to mito-
chondria and other cellular constituents are hydroxyl radical (OH") and peroxynitrite
(HNOO"). These agents can cause oxidative damage and inhibition of mitochondrial en-
zyme activities, including those of complex I and «KGDC. This inhibition can lead to met-
abolic failure through impairment of electron transport—dependent generation of the proton-
motive force that drives the synthesis of ATP at complex V (F,Fy ATP synthetase). Complete
detoxification of superoxide depends on the enzymes superoxide dismutase (SOD), glu-
tathione peroxidase (GPX), and glutathione reductase (GR) together with glutathione and a
sufficiently reduced redox state of NAD(P)H to drive the reduction of glutathione and con-
sequently the reduction of H,O, to H,O.

sufficiently reduced redox state of NAD(P)H to drive the reduction of glutathione
and consequently the reduction of H,O, to H,O.

Our recent observations indicate that in addition to complex I, several tricarbox-
ylic acid cycle dehydrogenases are potential sources of ROS, with aKGDH appear-
ing the most active.>* In particular, the rate of ROS production by isolated brain
mitochondria measured under a state of rapid metabolism, as normally exists in neu-
rons, was highest with o-ketoglutarate as respiratory substrate, even though several
other substrates support higher rates of respiration. Zinc also promotes ROS produc-
tion by the lipoamide dehydrogenase component of aKGDH, but it inhibits overall
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enzyme activity.3> Considering the findings that environmental exposure to zinc is a
risk factor for Parkinson’s disease and that aKGDH enzyme activity is reduced in
PD and in Alzheimer’s disease,3¢ the relationships between this enzyme complex,
ROS production, and dopaminergic cell death in cellular and animal models of PD
require further investigation.

REFERENCES

1. PARKER, W.D.J., S.J. BoYsoN & J.K. PARkS. 1989. Abnormalities of the electron trans-
port chain in idiopathic Parkinson’s disease. Ann. Neurol. 26: 719—723.

2. SHuLTS, C.W., R.H. HAAs, D. Passov & M.F. BEAL. 1997. Coenzyme Q10 levels corre-
late with the activities of complexes I and II/IIl in mitochondria from parkinsonian
and nonparkinsonian subjects. Ann. Neurol. 42: 261-264.

3. SwerbpLow, R.H., J.K. PArksS, S.W. MILLER, ef al. 1996. Origin and functional conse-
quences of the complex I defect in Parkinson’s disease. Ann. Neurol. 40: 663—671.

4. SHEEHAN, J.P., R.H. SWERDLOW, S.W. MILLER, et al. 1997. Calcium homeostasis and
reactive oxygen species production in cells transformed by mitochondria from indi-
viduals with sporadic Alzheimer’s disease. J. Neurosci. 17: 4612—4622.

5. TRIMMER, P.A., R.H. SwerDLOW, J.K. PARKS, et al. 2000. Abnormal mitochondrial
morphology in sporadic Parkinson’s and Alzheimer’s disease cybrid cell lines. Exp.
Neurol. 162: 37-50.

6. BETARBET, R., T.B. SHERER, G. MACKENZIE, ef al. 2000. Chronic systemic pesticide
exposure reproduces features of Parkinson’s disease. Nat. Neurosci. 3: 1301-1306.

7. Fiskum, G. 2000. Mitochondrial participation in ischemic and traumatic neural cell
death. J. Neurotrauma 17: 843—-855.

8. Quu, J., M.J. WHALEN, P. LOWENSTEIN, et al. 2002. Upregulation of the Fas receptor
death-inducing signaling complex after traumatic brain injury in mice and humans. J.
Neurosci. 22: 3504-3511.

9. NaGgaTtsu, T., M. Mogl, H. ICHINOSE & A. ToGARrI. 2000. Changes in cytokines and
neurotrophins in Parkinson’s disease. J. Neural Transm. Suppl. 277-290.

10. FERRER, 1., R. BLANCO, B. CuTILLAS & S. AMBROSIO. 2000. Fas and Fas-L expression
in Huntington’s disease and Parkinson’s disease. Neuropathol. Appl. Neurobiol. 26:
424-433.

11. Dawson, T.M. & V.L. Dawson. 2002. Neuroprotective and neurorestorative strategies
for Parkinson’s disease. Nat. Neurosci. 5 Suppl.: 1058-1061.

12. FRIBERG, H. & T. WIiELOCH. 2002. Mitochondrial permeability transition in acute neu-
rodegeneration. Biochimie 84: 241-250.

13. KowaLTtowskl, A.J., A.E. VERCESI & G. Fiskum. 2000. Bcl-2 prevents mitochondrial
permeability transition and cytochrome c release via maintenance of reduced pyri-
dine nucleotides. Cell Death. Differ. 7: 903-910.

14. SeaTON, T.A., J.M. CoOPER & A.H. SCHAPIRA. 1998. Cyclosporin inhibition of apopto-
sis induced by mitochondrial complex I toxins. Brain Res. 809: 12—17.

15. YANG, L., R.T. MATTHEWS, J.B. ScHULZ, et al. 1998. 1-Methyl-4-phenyl-1,2,3,6-tet-
rahydropyride neurotoxicity is attenuated in mice overexpressing Bcl-2. J. Neurosci.
18: 8145-8152.

16. ANDREYEV, A. & G. FiskuM. 1999. Calcium induced release of mitochondrial cyto-
chrome c by different mechanisms selective for brain versus liver. Cell Death. Differ.
6: 825-832.

17. CHmNopouLos, C., A.A. STARKOV & G. FiskuM. 2003. Cyclosporin A-insensitive per-
meability transition in brain mitochondria: inhibition by 2-aminoethoxydiphenyl
borate. J. Biol. Chem. In press.

18. KORSMEYER, S.J., M.C. WEIL, M. SaITto, ef al. 2000. Pro-apoptotic cascade activates
BID, which oligomerizes BAK or BAX into pores that result in the release of cyto-
chrome c. Cell Death Differ. 7: 1166—1173.

19. KuwaNa, T., M.R. MACKEY, G. PERKINS, et al. 2002. Bid, Bax, and lipids cooperate to form
supramolecular openings in the outer mitochondrial membrane. Cell 111: 331-342.



FISKUM et al.: MECHANISMS OF NEURAL CELL DEATH 119

20

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.
31.

32.

33.
34.

35.

36.

. PoLsTER, B.M., K.W. KmnNnaLLy & G. Fiskum. 2001. Bh3 death domain peptide
induces cell type-selective mitochondrial outer membrane permeability. J. Biol.
Chem. 276: 37887-37894.

ViLA, M., V. JACKSON-LEWIS, S. VUKOSAVIC, et al. 2001. Bax ablation prevents dopam-
inergic neurodegeneration in the I-methyl- 4-phenyl-1,2,3,6-tetrahydropyridine
mouse model of Parkinson’s disease. Proc. Natl. Acad. Sci. USA 98: 2837-2842.

POLSTER, B.M. & G. FiskuM. 2003. Inhibition of Bax-induced cytochrome c release
from neural cell and brain mitochondria by dibucaine and propranolol. J. Neurosci.
23:2735-2743.

MARTIN, L.J. 2001. Neuronal cell death in nervous system development, disease, and
injury. Int. J. Mol. Med. 7: 455-478.

ARNOULT, D., P. PARONE, J.C. MARTINOU, et al. 2002. Mitochondrial release of apopto-
sis-inducing factor occurs downstream of cytochrome c release in response to several
proapoptotic stimuli. J. Cell Biol. 159: 923-929.

STAarRKOV, A.A., B.M. PoLSTER & G. Fiskum. 2002. Regulation of hydrogen peroxide
production by brain mitochondria by calcium and Bax. J. Neurochem. 83: 220-228.
OUYANG, Y., S. CARRIEDO & R. GIFFARD. 2002. Effect of Bcl-X (L) overexpression on
reactive oxygen species, intracellular calcium, and mitochondrial membrane poten-

tial following injury in astrocytes. Free Radic. Biol. Med. 33: 544.

CHENG, E.H., M.C. WEL, S. WEILER, et al. 2001. BCL-2, BCL-X(L) sequester BH3
domain-only molecules preventing BAX- and BAK-mediated mitochondrial apopto-
sis. Mol. Cell 8: 705-711.

ALKAYED, N.J., S. Goto, N. SuGo, et al. 2001. Estrogen and Bcl-2: gene induction and
effect of transgene in experimental stroke. J. Neurosci. 21: 7543-7550.

Cao, G., W. PE1, H. GE, ef al. 2002. In vivo delivery of a Bcl-xL fusion protein con-
taining the TAT protein transduction domain protects against ischemic brain injury
and neuronal apoptosis. J. Neurosci. 22: 5423-5431.

BOVERIS, A. 1977. Mitochondrial production of superoxide radical and hydrogen per-
oxide. Adv. Exp. Med. Biol. 78: 67-82.

LENaz, G., C. BoviNa, M. D’AURELIO, et al. 2002. Role of mitochondria in oxidative
stress and aging. Ann. N.Y. Acad. Sci. 959: 199-213.

HILLERED, L. & L. ERNSTER. 1983. Respiratory activity of isolated rat brain mitochon-
dria following in vitro exposure to oxygen radicals. J. Cereb. Blood Flow Metab. 3:
207-214.

NULTON-PERSSON, A.C. & L.I. SZWEDA. 2001. Modulation of mitochondrial function
by hydrogen peroxide. J. Biol. Chem. 276: 23357-23361.

STARKOV, A. & G. FiskuM. 2002. Generation of reactive oxygen species by brain mito-
chondria mediated by alpha-ketoglutarate dehydrogenase. Soc. Neurosci. 194.17.

GAzARYAN, [.G., B.F. KrRASNIKOV, G.A. ASHBY, ef al. 2002. Zinc is a potent inhibitor of
thiol oxidoreductase activity and stimulates reactive oxygen species production by
lipoamide dehydrogenase. J. Biol. Chem. 277: 10064—10072.

GiBsoN, G.E., L.C. Park, K.F. SHEU, et al. 2000. The alpha-ketoglutarate dehydroge-
nase complex in neurodegeneration. Neurochem. Int. 36: 97-112.



Available online at www.sciencedirect.com

Experimental
SCIENCE( DIRECT?® NEUI'OlOgy
ACADEMIC _—
PRESS Experimental Neurology 182 (2003) 124-134 www.elsevier.com/locate/yexnr

Ovarian steroid modulation of seizure severity and hippocampal cell
death after kainic acid treatment

G.E. Hoffman®* N. Moore?2 G. Fiskum® and A.Z. Murphy

2 Departments of Anatomy and Neurobiology, University of Maryland, School of Medicine, Baltimore, MD 21201, USA
® Anesthesiology, University of Maryland, School of Medicine, Baltimore, MD 21201, USA

Received 24 October 2002; revised 10 January 2003; accepted 22 January 2003

Abstract

To determine whether maintained estrogen or progesterone levels affect kainic acid (KA) seizure patterns or the susceptibility of
hippocampal neurons to death from seizures, ovariectomized Sprague—Dawley rats were implanted with estrogen pellets, 0.1 or 0.5 mg, thz
generated serum levels of 42i46.6 (meant SEM) and 242.4+ 32.6 pg/ml or one to six capsules of progesterone that generated serum
levels of 11.00+ .72 to 48.62+ 9.4 ng/ml. Seven days later, the rats were administered KA (8.5mg/kg, ip) and scored for seizure activity;
96 h later, the rats were killed and their brains processed for localization of neuron nuclear antigen (NeuN), a general neuronal marker. The
hippocampus was scored for spread (the number of separate regions showing cell loss), and the area within the CA fields occupied by Neul
immunoreactivity was measured (indicating surviving neurons). Administration of estrogen or progesterone (independent of dose)
significantly reduced mortality from KA seizures. Progesterone reduced seizure severity in animals that received one to four implants;
compared with controls, no difference in seizure severity was noted for animals with six progesterone implants. The reduced seizures in
progesterone-treated animals were accompanied by a reduction in the spread of hippocampalrdamade7(P < 0.05). Likewise, in
progesterone-treated rats, neuron survival and reduction in seizure scores were correfatéd6; P < 0.0001). Estrogen had no effect
on seizure severityR > 0.05), but reduced both the spredd € 0.05) and degree of neuronal losB € 0.05). Indeed, in the
estrogen-treated rats, neuronal death was significantly lower than that observed in progesterone-treated animals with equally severe seizur
(P < 0.05). These data are consistent with the hypothesis that progesterone produces its effects by reducing seizures, whereas estrogen t
little beneficial effect on seizure behavior but protects the hippocampus from the damage seizures produce.
© 2003 Elsevier Science (USA). All rights reserved.

Keywords: Estrogen; Progesterone; Neuroprotection; Excitoxicity; Limbic seizures; Epilepsy; Neuronal nuclear antigen

Introduction contrast, decreased seizure incidence is noted during the
luteal phase when progesterone levels are high relative to
Complex partial seizures involve the limbic system and estrogen. In animals, estrogen administration decreases
comprise the most common form of epilepsy. In women, the while progesterone increases seizure thresholds (Beyenburg
pattern of complex partial seizures is influenced by the et al., 2001; Buterbaugh, 1987, 1989; Buterbaugh and Hud-
hormonal changes that occur across the menstrual cycleson, 1991; Edwards et al., 1999; Hom and Buterbaugh,
(Herkes et al., 1993; Herzog et al., 1997; Morrell, 1992, 1986); these differential steroid effects are used to explain
1999; Murri and Galli, 1997; Schachter, 1988). Increased the cycle-dependent changes in seizure patterns in women.
seizure incidence is observed in the menstrual phase, wherindeed, the effects observed with progesterone form the
both estrogen and progesterone levels are low, as well as irbasis for progesterone treatment of women with catemenial
the follicular phase, when estrogen levels are on the rise. Byepilepsy (Bauer, 2001; Bonuccelli et al., 1989; Herzog,
1995; Herzog et al., 1997; Holmes et al., 2001; Morrell,
1992, 1999; Murri and Galli, 1997).
* Corresponding author. Fax: 1-410-706-2512. Limbic system seizures, when persistent, increase the
E-mail address: gehoffma@umaryland.edu (G.E. Hoffman). risk of permanent damage to the hippocampal formation
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(Kalviainen et a., 1998; Mathern et al., 1998; Moshe, 1998;
Salmenperaet a., 2001; Tasch et al., 1999; Theodore et al.,
1999). Thus, an understanding of the hormonal effects on
limbic seizures and the damage they produce is critical to
the design of rational treatments. In animals, the use of the
toxin kainic acid, an excitatory amino acid analog, produces
limbic seizures that damage neurons in the hippocampal
formation and surrounding structures, particularly CA1,
CA3, hilus, and entorhinal cortex, while sparing CA2 and
the dentate gyrus (Ben-Ari et al., 1980; Gayoso et al., 1994;
Jarrard, 1983; Lothman and Collins, 1981; Olney et .,
1979, 1986; Sperk, et a., 1983). Progesterone treatment
reduces limbic seizures in a variety of experimental models
(Edwards et a., 1999; Frye and Bayon, 1998; Frye and
Scalise, 2000; Tauboll and Lindstrom, 1993) but it is un-
clear if the steroid has any neuroprotective effects of its own
apart from its effects on seizure activity per se.

For estrogen, a few studies suggest that despite the po-
tential for increased seizures, estrogen may reduce neuronal
death from seizures (Azcoitia et al., 1999; Veliskova et d.,
2000). However, those studies only used injected steroid
(which produces variable hormone levels) and doses that
often exceeded the physiological range. Thus, it is unclear if
the effects of estrogen are dose-dependent. To fill those
gaps, the studies presented in this manuscript sought to
determine if maintained physiological levels of either estro-
gen or progesterone affected kainic acid (KA) seizure pat-
terns and if these hormones could ater the relationship
between seizure severity and brain injury.

M ethods
Animal treatment

Adult female Sprague-Dawley rats (200225 g) were
maintained on 12:12 light:dark cycle (lights on at 3:30
EST). After a 1-week acclimation, rats were anesthetized
with Metofane and ovariectomized under sterile conditions;
7 days later they were implanted with blank silastic capsules
(n = 18; capsule length = 40 mm; OD = 0.125mm; ID =
0.078mm); estrogen pellets (estradiol-173, 0.5mg/21 day, n
= 6; or 0.1 mg/21 day, n = 8; Innovative Research of
America, Sarasota, FL); or 1 (n = 3),2(n = 9), 4 (n = 6),
or 6 (n = 8) silastic capsules containing crystalline proges-
terone (capsule length = 40 mm; OD = 0.125mm; ID =
0.078 mm; Sigma, St. Louis MO) designed to achieve
progesterone plasma levels of 10—60 ng/ml.

Behavioral testing

Seven days after implants or pellets were inserted, half
the control animals and the steroid-replaced animals were
administered KA at a dose of 8.5 mg/kg, ip. The remaining
control rats received an equal volume of saline vehicle. The
behavior of the animals was monitored by an individua

blind to the animal treatment for 6 h following saline or KA
injection and assigned a score for seizure behaviors using
the following scale modified from Lothman (Lothman and
Callins, 1981):

1= minor behaviors such as catatonia, wet dog shakes
(WDS), scratching, sniffing, and head bobbing;

2 = minor behaviors + chewing and salivation, rearing
without loss of balance;

3 = minor behaviors + chewing and sdlivation, rearing
with ataxia;

4 = biclonus seizure activity; and

5 = death. Following the observation period the animals
were returned to the vivarium.

Tissue preparation and neuroanatomical analysis

Ninety-six hours after injection of KA or vehicle, each
animal was anesthetized with an overdose of pentobarbital
(100 mg/kg, ip), a blood sample was removed directly from
the heart, and the animals were perfused transcardially with
saline containing 2% sodium nitrite, followed by fixation
with 2.5% acrolein in 4% paraformaldehyde in 0.05 M
phosphate buffer, pH 6.8 (Hoffman et al., 2001). The brains
were removed, sunk in 30% sucrose, and sectioned at 25
wm on a Leica freezing microtome (Bannockburn, IL). The
sections were placed into antifreeze cryoprotectant solution
(Watson et al., 1986) and stored at —20°C until immuno-
cytochemical localization of NeuN (a neuron-specific
marker that stains nuclei and frequently dendrites and soma
(Mullen et al., 1992; Wolf et al., 1996)) was initiated.

Brain sections from each animal (1:6 series) that con-
tained the entorhinal cortex and hippocampal formation
were processed for NeuN immunoreactivity using standard
immunocytochemical techniques (Hoffman et al., 2001).
Following immunocytochemical staining, the slides were
coded and examined for the number of separate regions that
showed neuron loss (“spread of damage’). This parameter
was chosen due to the variability in sites of hippocampal
damage in less severely affected rats with respect to which
particular CA subfield showed damage. Second, neuronal
survival was assessed by measuring the area occupied by
NeuN immunoreactivity within the CA subfields at the
coronal level where the CA regions showed maximal length.
To accomplish this, an image of the section was captured
with a 4X objective on a Nikon Eclipse 800 microscope
using a Sensys digital camera (Biovision Technologies,
Exton, PA). With IP Spectrum software (Scanalytics, Fair-
fax, VA) operating on a Power Computing Macintosh com-
puter, the CA area (in square micrometers) occupied by
NeuN immunoreactive structures was determined. Reduc-
tions in NeuN area reflected the degree of neuron loss. To
control for dlight variation in hippocampal orientation, the
total CA length was determined for each section and the
NeuN area measurements were normalized for CA length
(NeuN area/um length).
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Fig. 1. (A) Serum levels of progesterone (P). Each bar represents the mean
+ SEM for serum levels of P in nanograms per milliliter for animals that
were ovariectomized and received blank capsules (pooling animals that
later were administered saline with animals that received KA) or one, two,
four, or six capsules containing P. (B) Plasma B-estradiol (E) levels (mean
+ SEM) in picograms per milliliter for ovariectomized animals implanted
with estradiol pellets containing either 0.5 mg/21 day release or 0.1 mg/21
day release. Ovariectomized animals had E values below detection in the
assay.

Radioimmunoassay for estrogen and progesterone

Atrial blood was collected at the time of perfusion to
determine serum progesterone and estrogen concentrations
for the various treatment paradigms. After 2 h at room
temperature to alow for clot formation, serum was sepa-
rated by centrifugation. Samples were stored at —20°C
until radioimmunoassays were initiated. For estradiol,
samples were first extracted with diethyl ether. Serum pro-
gesterone and estrogen concentrations were determined
using the Diagnostics Products Corporation Coat-A-Count
kit (Estradiol, TKE25; Progesterone, TKPG2; Los Angeles,
CA).

Satistical analysis

Significant differences among treatment groups were an-
alyzed using the nonparametric Kruskall-Wallis test fol-

lowed by post hoc Mann-Whitney U tests; P < 0.05 was
considered significant. Correlations between the various
measures were assessed using a simple regression analysis
and GB-Stat software; P < 0.05 was considered significant.

Results
Hormone levels

The placement of one to six progesterone implants re-
sulted in serum progesterone levels averaging from 11 to 48
ng/ml (Fig. 1A); these values are all within physiological
ranges. Since the placement of two or four implants pro-
duced essentialy the same progesterone levels, the data
from those two groups were pooled in subsequent analyses.
The 0.5 mg/21 day and 0.1 mg/21 day estrogen pellets
produced hormone levels of 242.4 + 32.6 pg/ml and 42.4 +
6.6 pg/ml, respectively (Fig. 1B). Only the lower dose was
within the physiological range.

Mortality

One striking feature of animals replaced with estrogens
or progesterone was a reduction in the mortality rate. Seven
of the 24 animals (29.2%) that received blank capsules and
KA died, whereas for E, only 4 of 48 animals (8.3%) died
and for P, 3 of 34 animals (8.8%) died. There was no
obvious relationship of mortality to dose of replaced hor-
mone (Table 1).

Seizure severity

Seizure severity was significantly reduced in progester-
one-treated, but not estrogen-treated, rats (Fig. 2A). This
reduction in seizure severity by progesterone was dose-
dependent. In animals with one or two to four progesterone
implants, seizure scores were significantly reduced com-
pared with ovariectomized animals treated with KA that
received blank capsules (for P1, P = 0.05; for P2—4, P <
0.0005). No significant difference in seizure severity was
noted in animals that received six implants compared to
blanks (P > 0.05). As aresult, animals that had only mild

Table 1

Mortdlity after kainic acid seizures

Treatment group No. died Tota %
Blank + KA 7 24 29.2
E-0.1 mg/21 d + KA 2 25 8.0
E-0.5mg/21 d + KA 2 23 8.7
E Combined 4 48 83
P1 + KA 0 6 0.0
P24 + KA 2 18 111
P6 + KA 1 10 10.0
P Combined 3 34 8.8
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Fig. 2. (A) Effects of hormone treatment on KA-induced seizures. Animals
fitted with one or two to four P implants showed significantly lower seizure
scores (*P = 0.05) than animals treated with KA that received no hormone
treatment (B+KA). In contrast, animals that received six P pellets showed
no suppression of KA seizures as did animals fitted with E pellets. Values
represent the mean = SEM. (B) Comparison of plasmaP levelsin animals
which displayed either severe (score > 2.0) or mild (score < 2.0) seizures.
P-implanted animals with severe seizures had significantly higher P levels
than P-treated animals that had mild seizures (P < 0.02).

seizures in the progesterone-treated group (i.e., seizure
scores =2.0) had significantly lower plasma P values (mean
plasmaP = 25.0 * 3.2) than animals treated with P that had
severe seizures with scores >2.0 (mean plasma P = 45.6 =
12.0; P < 0.05; Fig. 2B).

Number of areas showing neuronal loss. spread of
damage

On average, approximately three hippocampal areas
showed neuronal lossin control animals after KA treatment
(Fig. 3). This typicaly included the entorhinal cortex (not
shown), CA1, CAS3, or the hilus (Fig. 4B compared with
controls, Fig. 4A). CA2 and the dentate gyrus were gener-
aly spared. The spread of damage after KA administration
varied significantly with the level of seizure activity (Fig.
5A; r? = 0.45; P < 0.02).

In P-treated animals, the spread of damage induced by
KA administration was independent of plasmaP level (Fig.
3). Rather, in P-treated animals, spread of damage was
directly influenced by seizure severity. Animals displaying
a high level of seizure activity (score >2) after KA had a
greater number of areas showing neuronal loss than animals
with lower seizure activity (score = 2) (Fig. 4C-E and Fig
5B, r? = .665; P < .0001; Fig. 6).

In estrogen-treated animals, fewer hippocampal regions
showed signs of neuron loss after KA treatment than con-
trols (Fig. 3, P < 0.05; Fig. 4F and G) despite the persis-
tence of seizures (Fig. 2A). Therefore, unlike progesterone,
the effect of estrogen on the spread of damage was not
dose-dependent (Fig 3; P > 0.05) nor was it correlated with
seizure severity (Fig. 5C; r? = 0.049, P > 0.05). Thus, even
when animals displayed severe seizures following KA, es-
trogen administration (at either high or low doses) limited
the number of hippocampal regions that showed any neu-
ronal damage (Fig. 6).

Loss of neurons in CA subfields; area occupied by NeuN
immunoreactivity

Compared with saline-treated control animals (blank
capsules), KA-treated control rats with high seizure activity
had significant losses of NeuN in the CA subfields (p <
0.005; Fig. 7). Overdl, the losses in NeuN immunoreactiv-
ity in the Blank + KA group were highly correlated with
seizure score (Fig. 8A; r? = 0.47, P < 0.02).

In animals treated with P, the animals with high seizure
scores aso had severe reductions in NeuN compared with
controls (*P < 0.005; Fig. 7). The NeuN lossesin P-treated

# Hippocampal Areas with Damage
(Spread)

Iiiﬁli

B+KA  E(1)+KA E(5)+KA P1+KA P2-44KA P6+KA

Treatment Group

Fig. 3. Effects of hormonal treatment on the spread of damage to the
hippocampal formation after KA treatment. Values represent the number of
hippocampal formation regions (mean = SEM) showing neuronal injury
after KA treatment. P did not produce significant dose-dependent effects on
spread of damage. Both low and high E treatment produced a significant
reduction (*P = 0.05) in the number of regions showing neuronal damage
after KA treatment despite the failure of the steroid to reduce seizure
severity.
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Fig. 5. Correlation of seizure score and spread of damage in KA-treated
ovariectomized rats with (A) blank implants, (B) progesterone, or (C)
estrogen replacement. The spread of damage was significantly correlated
with seizure scores in animals with blank (P < 0.02) and P (P < 0.001)
implants but in E-treated rats this relationship was lost (P > 0.05). Thus,
despite increased seizures, damage to the hippocampus did not spread to
many areas after E replacement.

animals with mild seizures after KA were significantly less
than those seen in the severely affected P-treated rats (P <
0.001). Similar to what was noted in control animals, the
losses of NeuN immunoreactivity within the CA subfields
after KA treatment in P treated rats were significantly cor-
related with the seizure scores (r> = 0.343, P < 0.005; Fig.
8B). Thus, the higher the seizure score, the greater the
degree of neuronal loss.

For estrogen-treated animals, no significant losses of
NeuN immunoreactivity after KA treatment were noted.
This was true even in animals displaying high seizure
scores. As a result, estrogen-treated animals displaying se-
vere seizures had significantly more NeuN-immunoreactive
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Fig. 6. Effects of estrogen or progesterone on spread of damage from KA
in animals exhibiting mild (behavioral score =2) or severe (behavioral
score >2) seizures. Animals treated with E that displayed severe seizures
showed significantly fewer regions of neuronal damage after KA than
severely affected animals that either did not receive hormone replacement
(*P < 0.005) or received P treatment (#P < 0.01). The spread of damage
in these E-treated rats was no different from that seen in animals that had
only mild seizures. The spread of damage in severely affected rats that
were treated with P was no different from that seen in severely affected
KA-treated control animals (Blank, Severe).

neurons than was seen in the animals treated with proges-
terone that had equally high seizure scores (Fig. 7; P <
0.05). No correlation was observed between seizure scores
and NeuN immunoreactivity in the estrogen-treated rats
(Fig. 8C; r? = 0.018; P > 0.05).

Discussion

The results of these studies indicate that progesterone
produces its effect principally by reducing seizure behavior;
by contrast, estrogen has little beneficial effect on seizure
behavior but is capable of protecting the hippocampus from
seizure damage. The majority of animal studies examining
the effects of gonadal steroids on seizures reported that
seizure susceptibility/activity was reduced by progesterone
(Backstrom et a., 1985; Beyenburg et al., 2001; Edwards et
al., 1999; Nicoletti et al., 1985). In addition, in women with
catemenia epilepsy, the luteal phase, when progesterone
levels are high relative to estrogen, is associated with a
lower seizure incidence than the menstrual and follicular
phases where estrogen and progesterone are both low or

Fig. 4. Hippocampal neuron patterns. Micrographs of the hippocampus from (A) control sdine-treated ovariectomized rat with blank capsules showsthe CA1, CA2,
CAZ3, hilus, and dentate gyrus. (B) Blank + KA rat displaying a seizure score of 3.5 has marked neurond lossesin CA1, CA3, and the hilus (*). This same animal
also possessed damage to the entorhind cortex (not shown). (C) P + KA-trested rat with a seizure score of 1.5 shows only dight neuron loss in the hilus; al other
regions are normal. (D) P + KA-treated rat with a seizure score of 2.5 shows clear evidence of hilar neurond loss (); (E) P + KA-treated rat with a seizure score
of 3.5 had damage to the hippocampa CA fields () that are quite similar to those in the blank + KA rats. (F) E-treated rat with a seizure score of 1.5 shows little
or no hippocampa damage; (G) E treated rat with a seizure score of 3.5 aso shows little evidence of neurond loss.
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Fig. 7. Effects of estrogen or progesterone on neuron 1oss in KA-treated
animals exhibiting mild (behavioral scores =2) or severe (behaviora
scores >2) seizures. Ovariectomized animals that received blank capsules
and showed severe seizures after KA had significant loss of NeuN immu-
noreactivity compared with control rats (*P < 0.005). Losses of NeuN
immunoreactivity in P-treated rats were significantly different from control
rats only when seizures were severe (*P < 0.005). Thus P-treated animals
with high seizures had significantly more neuron losses than P-treated rats
with mild seizures (#P < 0.001). In contrast, E-treated rats with either
severe or mild seizures showed no significant differences in NeuN immu-
noreactivity (NeuN area/CA length) compared with controls.

estrogen is elevated relative to progesterone (Bauer, 2001;
Bonuccelli et al., 1989; Herkes et a., 1993; Herzog et a.,
1997; Lundberg, 1997; Morrell, 1992, 1999; Murri and
Galli, 1997; Schachter, 1988; Zimmerman, 1986). Thus, it
would logicaly follow that progesterone should reduce
brain damage from seizures simply because there are fewer
seizures. Indeed, in P-treated animals that exhibited reduced
seizure severity, brain damage was reduced. What was sur-
prising is that progesterone was only effective in reducing
seizures at low physiological ranges. High doses of proges-
terone failed to reduce seizures or prevent brain damage.
Progesterone is metabolized to 3-a-hydroxy-5a-preg-
nan-20-one (alopregnanolone), a potent allosteric modul a-
tor of the GABA, receptor (Baulieu et al., 1996). Several
studies have suggested allopregnanolone acting at the
GABA , receptor is the mechanism whereby progesterone
attenuates seizure activity (Beyenburg et a., 2001; Frye and
Scalise, 2000; Frye et a., 1998; Galli et a., 2001; Morrell,
1992; Murri and Galli, 1997). Frye (1995), reported that
subcutaneous administration of allopregnanolone 3 h prior
to perforant path stimulation significantly reduced both sei-
zure severity and the resulting hippocampal neuronal loss.
What is difficult to explain is why higher plasma levels of
progesterone failed to ater seizures or the brain damage
from them. Levels of allopregnanolone and GABA receptor
activity in vitro and in vivo are positively correlated with
progesterone levels (Barbaccia et al., 1996; Corpechot et al.,
1993), raising the expectation that increases in plasma pro-
gesterone should result in increased seizure suppression. In
women suppression of brain excitability by progesterone is

not universally effective. George and co-workers measured
CSF levels of progesterone and its metabolites in women
and their relationship to affective disorders (George et d.,
1994). In that study, increased levels of allopregnanolone
did not always accompany the increased progesterone levels
seen during the luteal phase of the cycle, suggesting that
biological variation in metabolism of progesterone could
explain the variable effects of the steroid on seizures. Her-
zog (1995) too noted that of his female patients treated with
progesterone, 28% did not respond to progesterone treat-
ment. While that study did not speculate on the lack of
effect in those women, altered conversion to alopreg-
nanolone could be responsible. In our rats whether pro-
longed exposure to high, but not low, progesterone levelsis
capable of interfering with the synthesis of allopreg-
nanolone remains to be determined.

It is aso possible that after long-term exposure to allo-
pregnanolone, the GABA receptor fails to respond or is
downregulated. Studies examining GABA receptor function
after withdrawa from chronic allopregnanolone or proges-
terone in pseudopregnant rats show that the receptor is
desensitized and that expression of the alpha 4 subunit of

A. Blank + KA
£ 750 L
g "
& 650 \
6 55.0 e
= .
© . e .
© 450 ™~
= ~
c 350
& .
3 250
=z

150

L] 1 2 3 4 &
Seizure Score

B. Progesterone + KA

Neuron Area/CA length

Seizure Score

C. Estrogen + KA

75.0

Neuron Area/CA length

Seizure Score

Fig. 8. Correlation of seizure severity and NeuN immunoreactivity in
KA-treated ovariectomized rats with (A) blank implants, (B) progesterone,
or (C) estrogen replacement. The NeuN immunoreactivity was negatively
correlated with seizure scores in KA-treated animals with blank (P < 0.02)
and P (P < .005) implants. In E-treated rats this relationship was lost (P >
0.05) owing to the fact that even when seizures were severe, neuron losses
were reduced.
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the GABA , receptor is reduced (Smith, 2002; Smith et a.,
1998). The levels of the steroids were both relatively high
prior to withdrawal. Since the studies did not examine
GABA receptor function during pseudopregnancy when the
hormone levels were still elevated, it is possible that the
desensitization actually occurred prior to withdrawal. In-
deed, in vitro, prolonged exposure of cortical neurons to
allopregnanolone abolishes the potentiation of GABA , re-
ceptors by atering the alosteric interactions of allopreg-
nanolone with the benzodiazepine binding sites (Friedman
et a., 1993). Subsequent studies of cortical neuronsin vitro
determined that attenuation of GABA, receptor function
was due to reduction in GABA receptor binding due to
aterations in both beta and apha receptor subunit expres-
sion (Yu et a., 1996). In vivo prolonged treatment with
either progesterone or alopregnalonone produces similar
desensitization of the GABA receptor and it was proposed
that similar alterations in GABA , receptor subunit expres-
sion were responsible (Gulinello et a., 2001; Wohlfarth, et
al., 2002). While none of the studies varied the dose of
progesterone or alopregnanolone, if the desentization of the
GABA receptor only occurs in conditions of high steroid
levels, such changes in the GABA , receptor composition/
function could explain why low but not high doses of
progesterone reduced seizures after KA.

In the present study, administration of estrogen had no
effect on KA seizure severity. A large number of studiesin
vivo and in vitro demonstrate that the steroid increases after
discharge patterns and seizure thresholds (Backstrom et al.,
1985; Buterbaugh, 1987, 1989; Buterbaugh and Hudson,
1991; Edwards et al., 1999; Gu and Moss, 1996; Hom and
Buterbaugh, 1986; Hom et al., 1993; Kubo et al., 1975;
Maggi and Perez, 1985; Nicoletti et al., 1985; Smith et al.,
2002; Stitt and Kinnard, 1968; Teyler et al., 1980; Wong
and Moss, 1991; Woolley, 2000). Thus, one would predict
that under conditions of high estrogen concentrations KA
would yield the strongest stimulatory effects thereby in-
creasing the potential for excitotoxic brain damage. Yet,
despite the persistence of seizures, estrogen replacement
reduced mortality from KA seizures and significantly lim-
ited the overall spread of damage and amount of neuronal
loss. Earlier studies examining hormona effects on KA-
induced brain damage are mixed. In intact females, injection
of KA on proestrus (when estrogen levels are maximal) still
produced substantial brain damage (Azcoitia et a., 1999).
However, in that same study, animals that were ovariecto-
mized and replaced with estrogen but not progesterone
showed protection from damage, provided the steroid was
administered 2 days prior to onset of seizures. Subcutaneous
injections of 0.2 ug estrogen administered 48 and 24 h prior
to KA reduced hippocampal brain damage (Veliskovaet a.,
2000), as did supraphysiological doses of estrogen (150
pg/rat) administered before or along with KA (Azcoitia et
a., 1998, 1999). It would appear from these studies that
reduction in damage from KA seizures by estrogen admin-
istration may not be strictly dose-dependent, but fluctuating

hormone levels after steroid injection make that conclusion
tenuous. Our data demonstrate more clearly that maintained
doses of E in either the physiologica range or supraphysi-
ological range protect neurons from damage.

How estrogen protected the hippocampus from damage
is not immediately clear. Initialy it was thought that KA
cell death was exclusively necrotic and there would be little
basis for estrogen interfering in that process. More recent
studies demonstrate that delayed cell death accompanied by
DNA laddering (normally associated with apoptosis) after
KA induced seizures (Fujikawa et a., 2000; Kondo et al.,
1997; Kondratyev and Gale, 2001; Liu et al., 2001; Pollard
et a., 19944, 1994b; Venero et a., 1999). The proapoptotic
molecule Bax is upregulated following KA seizures and
concomitantly the prosurvival molecule Bcl-2 is downregu-
lated (Gillardon et a., 1995). In a variety of models of
neuronal injury estrogen upregulates expression of Bcl-2
(Choi et a., 2001; Dubal et a., 1999; Harms et al., 2001,
Pike, 1999; Sawada et a., 2000; Singer et a., 1998) and, if
acting similarly in our studies, this mechanism could ex-
plain estrogen’s protective effects. There are aso studies
suggesting that antioxidant effects seen with high doses of
estrogen protect neurons from cell death (Bae et al., 2000;
Behl et a., 1995, 1997, 2000; Culmsee et d., 1999; Emilien
et al., 2000; Goodman et al., 1996; Green et al., 1998; Green
and Simpkins, 2000; Gridley et al., 1998; Inestrosa et al.,
1998; Keller et a., 1997). The pellets we used generated
plasma levels of estrogens high enough to produce antiox-
idant effects. The high progesterone levels in our animals
should aso have exerted antioxidant effects (Goodman et
al., 1996); however, high levels of progesterone did nothing
to protect the animals from seizures or neuronal cell death.

In summary, our dataindicate that low but not high doses of
progesterone reduce seizures and, in so doing, reduce damage
to the hippocampus. Estrogen, on the other hand, a either
physiological or supraphysiologicd levels, reduces neuronal
cdll death from seizures, but haslittle effect on seizure severity.
It will be important to determine the mechanism whereby each
of the steroids influences seizure activity and the ensuing brain
injury. These results also raise the question of what effect
combinations of both steroids might have. Possibly, when E +
P are administered together, P would suppress seizure activity,
but should some seizures il persist, E would then reduce the
potential for brain damage. Studies examining this issue are
currently underway.
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Abstract

Mitochondrial production of reactive oxygen species (ROS) at
Complex | of the electron transport chain is implicated in the
etiology of neural cell death in acute and chronic neurode-
generative disorders. However, little is known regarding the
regulation of mitochondrial ROS production by NADH-linked
respiratory substrates under physiologically realistic condi-
tions in the absence of respiratory chain inhibitors. This study
used Amplex Red fluorescence measurements of H,O, to test
the hypothesis that ROS production by isolated brain mito-
chondria is regulated by membrane potential (A¥) and
NAD(P)H redox state. A¥Y was monitored by following the
medium concentration of the lipophilic cation tetraphenyl-
phosphonium with a selective electrode. NAD(P)H autofluo-

rescence was used to monitor NAD(P)H redox state. While
the rate of H,O, production was closely related to A¥ and
the level of NAD(P)H reduction at high values of AY, 30% of
the maximal rate of H,O, formation was still observed in the
presence of uncoupler (p-trifluoromethoxycarbonylcyanide
phenylhydrazone) concentrations that provided for maximum
depolarization of A¥ and oxidation of NAD(P)H. Our findings
indicate that ROS production by mitochondria oxidizing phy-
siological NADH-dependent substrates is regulated by AY and
by the NAD(P)H redox state over ranges consistent with those
that exist at different levels of cellular energy demand.
Keywords: brain mitochondria, hydrogen peroxide, mem-
brane potential, reactive oxygen species.
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Mitochondrial production of reactive oxygen species (ROS)
is involved in neural cell death associated with acute
ischemic brain injury and with chronic neurodegenerative
diseases (Fiskum 2000; Nicholls and Budd 2000). Several
potential sites of ROS production exist within the mitoch-
ondrial electron transport chain. Recent attention has
focused on respiratory chain Complex I as an important
source of free radicals, due in part to the stimulation of
ROS production and induction of oxidative stress caused by
neurotoxins, e.g. 1-methyl-4-phenylpyridinium (MPP") and
rotenone, that target Complex I and evoke a neuropathology
similar to that of Parkinson’s disease (Sherer et al. 2002).
The molecular mechanism and regulation of ROS produc-
tion by Complex I is, however, not well understood
(reviewed in Turrens 1997).

As Complex I may be a primary site of mitochondrial ROS
generation in the absence of toxins as well as in their
presence, identification of physiological factors that control
Complex I mediated ROS production is necessary. We
hypothesized that such factors include mitochondrial mem-
brane potential and NAD(P)H redox state. Both undergo
substantial fluctuation in response to different levels of

mitochondrial respiratory activity caused by, for example,
different demand for ATP production. Modulation of these
factors by the activities of mitochondrial uncoupling proteins
and by the mitochondrial ATP-regulated potassium channel
may also explain their apparent ability to reduce mitochond-
rial ROS production (Kim-Han et al. 2001; Echtay et al.
2002; Ferranti et al. 2003). The results of this study support
the hypothesis that biologically relevant, NADH linked
substrate-dependent mitochondrial ROS production is tightly
controlled by membrane potential and NAD(P)H redox state
in the physiological range.
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Materials and methods

Isolation of brain mitochondria

All animal experiments were conducted in accordance with
guidelines established by the Institutional Animal Care and Use
Committee of the University of Maryland, Baltimore.

Brain mitochondria were isolated from adult male Sprague
Dawley rats as described in Rosenthal et al. (1987), with the only
modification that our isolation buffer did not contain Nagarse
protease. This method utilizes digitonin to disrupt synaptosomal
membranes, yielding mitochondria from both synaptosomal and
non-synaptosomal origin. The functional quality of each mitoch-
ondrial preparation was estimated by measuring acceptor control
index (ACI). For these experiments, incubation medium was
composed of 125 mm KCI, 20 mm HEPES (pH 7.0), 2 mm
KH,PO4, 0.8 mm ADP, 1 mm MgCl,, 5 mm glutamate, and 5 mm
malate. Oxygen consumption was recorded with a Clark-type
oxygen electrode. The State 3 respiration was initiated by the
addition of 0.5 mg/mL rat brain mitochondria to the incubation
medium, and was terminated with 0.5 pg/mL oligomycin. The ratio
of respiration rate in State 3 to that in the presence of oligomycin
was defined as ACI. Preparations exhibiting values for ACI in the
range of 8—12 were used for this study.

Experimental conditions and incubation medium

Incubation medium contained 125 mm KCI, 20 mm HEPES
(pH 7.0), 2 mm KH,PO,4, 1 mm MgCl,, 0.5 mg/mL bovine serum
albumin, and 0.25 mm EGTA, and was maintained at 37°C, unless
stated otherwise.

Measurement of hydrogen peroxide

Hydrogen peroxide production was measured fluorimetrically
employing the dye Amplex Red (Molecular Probes, Eugene, OR,
USA) in combination with horseradish peroxidase (Kushnareva
et al. 2002; Rosen et al. 2002). In these experiments, the incubation
medium was supplemented with 1 pm amplex red, 5 U/mL
horseradish peroxidase, and 40 U/mL Cu,Zn superoxide dismutase.
The presence of superoxide dismutase prevents the auto-oxidation of
Amplex Red that interferes with quantitative assessment of low rates
of H,0, production. The detection of H,O, in mitochondrial
suspensions was recorded as an increase in fluorescence of the dye
at 585 nm with the excitation wavelength set at 550 nm. The dye
response was calibrated either by sequential additions of known
amounts of hydrogen peroxide solution, or by continuous infusion
of H,O, solution at 100—1000 pmol/min. The concentration of
commercial 30% H,O, solution was calculated from light absorb-
ance at 240 nm employing E*** =43.6 ™' cm™!; the stock
solution was diluted to 100 pm with de-ionized water and used for
calibration immediately.

Measurement of mitochondrial membrane potential

Mitochondrial membrane potential (AYW) was estimated from
tetraphenylphosphonium (TPP) ion distribution measured with a
custom-made TPP-selective electrode (Kamo et al. 1979). For
these experiments, incubation medium was supplemented with
1.6 um TPP'CIl. Both the TPP'-sensitive and the reference
electrodes were inserted directly into the fluorimeter cuvette and
data were collected using an amplifier and a two-channel data

acquisition system. The electrode response was calibrated by
sequential additions of TPP'Cl™ in the range of concentrations
0.2-1.6 pm and AY was calculated as described in Rolfe et al.
(1994) utilizing the reported binding correction factor for brain
mitochondria. Alternatively, AY values were calculated by the
procedure reported in Rottenberg (1984), assuming the matrix
volume for brain mitochondria equal to 1.2 pL/mg protein. Both
procedures gave essentially similar results. No attempt to correct for
non-A¥ dependent binding of TPP* was made (Hashimoto et al.
1984; Rottenberg 1984; Rolfe et al. 1994).

Measurement of NAD(P)H oxidation/reduction state

Reduced NAD(P)H was measured fluorimetrically using an excitation
wavelength of 346 nm and an emission wavelength of 460 nm.
Maximal NAD(P)H reduction was defined as the absorbance observed
after the addition of the electron transport chain Complex I inhibitor
rotenone (1 pm) and maximal oxidation defined as the absorbance
obtained in the presence of the respiratory uncoupler p-trifluorometh-
oxycarbonylcyanide phenylhydrazone (FCCP) (0.1 um).

Reagents

Oligomycin, FCCP, and rotenone were dissolved in ethanol, and
Amplex Red was dissolved in dimethylsulfoxide. All reagents and
ethanol were tested and exhibited no interference with H,O, assay at
the concentrations used in our experiments. All the reagents were
purchased from Sigma (St Louis, MO, USA).

Results

The results shown in Fig. 1 illustrate the dependence of
H,0, production on mitochondrial AY in the presence of
NADH-linked respiratory substrates. Suspensions of rat brain
mitochondria were exposed to various concentrations
(0-80 nm) of the uncoupler FCCP to lower AY. Alternat-
ively, mitochondria were exposed to ADP (0.8 mm) to reduce
AY as a consequence of activating State 3 respiration, i.e.
oxidative phosphorylation. H,O, production was measured
fluorimetrically with the dye Amplex Red and AY was
calculated based on the medium/mitochondrial distribution of
the lipophilic cation TPP", as measured with an electrode
placed within the fluorometer cuvette. Malate plus glutamate
or o-ketoglutarate were used as NADH-linked substrates.

In the presence of either set of NADH-linked oxidizable
substrates, a reduction in AY was accompanied by a decrease
in H,O, production (Fig. 1). This relationship between H,O,
production and AW is qualitatively similar to that reported
earlier for heart mitochondria oxidizing the Complex II
respiratory substrate succinate (Korshunov et al. 1997).
However, whereas a small, 10% reduction in AY resulted
in a 90% reduction in succinate-supported ROS production
(Korshunov et al. 1997), approximately 30% of the maximal
rate of NADH-linked substrate dependent ROS production
was still present at a concentration of FCCP that caused
maximal reduction of membrane potential (Fig. 1) and a
maximal increase in O, consumption (not shown). Addition
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Fig. 1 Relationship between mitochondrial membrane potential and
H>0, production supported by NADH-linked respiratory substrates.
Mitochondrial membrane potential was calculated based on the dis-
tribution of the lipophilic cation TPP™, using an electrode to measure
the medium [TPP*] (1.2 um initial concentration). H,O, was measured
simultaneously by monitoring the fluorescence of Amplex Red (1 pm)
in the presence of horseradish peroxidase (5 U/mL) and 40 U/mL Cu/
Zn superoxide dismutase. Incubation medium (see ‘Materials and
methods’) maintained at 37°C also contained either 5 mm
malate + 5 mm glutamate (O) or 5 mm o-ketoglutarate (®). Mito-
chondria were added at 0.5 mg/mL. Differences in membrane poten-
tial were generated by adding various concentrations of FCCP ranging
from 0 to 80 nm (0-160 pmol/mg mitochondrial protein). Alternatively,
a decrease in membrane potential was induced by adding 0.8 mm ADP
to mitochondria respiring on malate + glutamate (OJ) or a-ketoglutarate
(M). Values represent means + SD for n = 4 experiments.

of even greater FCCP concentrations had no further effect on
either ROS production or TPP" distribution. As the TPP"
procedure for monitoring AY is incapable of detecting
potentials at less than approximately 120 mV, these obser-
vations indicate that a significant fraction of maximal
NADH-dependent mitochondrial ROS production can occur
in the absence of AW.

A 70% reduction in ROS generation was also observed
in the absence of FCCP when ADP was added to initiate
oxidative phosphorylation, thereby stimulating respiration
(Fig. 1). Therefore, physiologically relevant NADH-linked
respiration generates ROS in a manner that is tightly
regulated by differences in AY over a range that occurs
during normal fluctuations in energy metabolism. The
approximately 70% reduction in ROS production during
State 3 respiration was, however, observed at a level of
AY that was approximately 20 mV greater than that
present at the same rate of ROS generation evoked by the
addition of FCCP.

The redox state of mitochondrial pyridine nucleotides is
sensitive to changes in AY when respiration is supported by
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Fig. 2 Regulation of mitochondrial H,O, production through metabolic
modulation of NAD(P)H redox state. (a) H>O. production by brain
mitochondria. (b) Mitochondrial NAD(P)H autofluorescence. Incuba-
tion medium (see ‘Materials and methods’) maintained at 37°C was
supplemented with 5 U/mL horseradish peroxidase, 1 um Amplex red,
and 40 U/mL SOD. Mitochondria were added at 0.5 mg/mL. Additions
to the suspensions were o-ketoglutarate (5 mm), ADP (0.8 mwm),
oligomycin (0.5 pg/ml), FCCP (80 nwm), and rotenone (0.5 pwm).

NADH-linked substrates. We therefore performed parallel
measurements of H,O, production and reduced NAD(P)H to
determine their relationship (Fig. 2). Addition of brain
mitochondria to medium in the absence of respiratory
substrates resulted in a steady oxidized shift of pyridine
nucleotides and a relatively very low rate of H,O, produc-
tion. In the absence of exogenous oxidizable substrates,
respiration is also minimal. Thus the flow of electrons limits
both ROS production and O, consumption under these
conditions. Addition of the respiratory substrate a-ketoglut-
arate caused an abrupt increase in the level of reduced
NAD(P)H and stimulated ROS production by almost 10-fold.
Subsequent addition of 0.8 mm ADP resulted in an imme-
diate and extensive oxidation of pyridine nucleotides and a
> 50% reduction in H,O, production. During the next 4 min,
the pyridine nucleotide redox state underwent a partial
reversal toward reduction, accompanied by an increase in
ROS production. Independent measurements of O, con-
sumption verify that this transition is due to the deceleration
of State 3 respiration toward resting, State 4 respiration (data
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Fig. 3 Relationships between mitochondrial H,O, production,
NAD(P)H redox state, and membrane potential. Mitochondrial HoO»
production (a), NAD(P)H redox state (b), and membrane potential (b)
were measured as described for Figs 1 and 2 in the presence of
glutamate + malate and the uncoupler FCCP at concentrations of from
0 to 80 nm. Values represent means + SD obtained from n=4
experiments and are expressed as percentage of the maximal values
obtained in the absence of FCCP.

not shown). In the presence of Mg?", post-State 3 respiration
is limited by the rate of ATP cycling due to ATP hydrolysis
by contaminating ATP hydrolases and by ATP synthesis by
the mitochondrial F{F, ATP synthetase. Inhibition of the
synthetase by the addition of oligomycin resulted in an
additional shift toward reduction in the pyridine nucleotide
redox state accompanied by a further stimulation of ROS
generation. As expected, subsequent addition of the uncou-
pler FCCP resulted in maximal NAD(P)H oxidation and a
decrease in ROS production to a level similar to that
observed upon addition of ADP. Further verification that
ROS generation is redox regulated came from the observa-
tion that subsequent addition of the Complex I inhibitor
rotenone caused a maximal shift toward reduction of pyridine
nucleotides and a maximal rate of H,O, generation, even
though AY was already collapsed by the addition of FCCP.

The relationship between the rate of mitochondrial H,O,
production and NAD(P)H redox state was assessed by
performing measurements of NAD(P)H autofluorescence in
parallel to those of AW described in Fig. 1. Thus the addition

of increasing concentrations of the respiratory uncoupler
FCCP was accompanied by increased NAD(P)H oxidation,
consistent with greater membrane depolarization and accel-
erated respiration. As Fig. 3(a) demonstrates, FCCP-induced
NAD(P)H oxidation is directly related to inhibition of H,O,
production. NAD(P)H oxidation is very sensitive to mem-
brane depolarization, as shown in Fig. 3(b) where a 10%
reduction in AW is accompanied by an approximately 50%
reduction in NAD(P)H fluorescence.

Discussion

The results of this study demonstrate that ROS production by
isolated rat brain mitochondria respiring on NADH-depend-
ent substrates is highly dependent on both mitochondrial
membrane potential and NAD(P)H redox state. Moreover,
this relationship is observed over a range of conditions that
are consistent with those associated with normal fluctuations
in cellular energy metabolism. Therefore, the rate of
physiologically relevant mitochondrial ROS production can
vary by several hundred percent, depending on whether
energy demand is maximal (State 3 respiration) or ATP
hydrolysis is minimal (State 4 respiration) (Fig. 1).

Relatively few measurements of mitochondrial ROS
generation in the presence of NADH-linked respiratory
substrates and in the absence of respiratory chain inhibitors
have been reported, due to the low sensitivity of H,O,-
sensitive indicators that were previously available. The
utilization of Amplex Red enables detection of H,O, at
levels previously not considered significant (Starkov et al.
2002). The enhanced sensitivity of Amplex Red is also likely
to be the explanation for why similar measurements using the
fluorescent indicator scopoletin did not detect a relationship
between AY and H,O, production in the presence of NADH-
linked substrates (Votyakova and Reynolds 2001).

Mitochondrial ROS production is particularly sensitive to
changes in AY at the highest range of values (i.e. 170—
185 mV) (Fig. 1). Quantification of this relationship can
therefore only be accomplished with isolated mitochondria
that are extremely well coupled and thus able to establish
such high membrane potentials. We determined that inclu-
ding bovine serum albumin and EGTA in the incubation
media helps mitochondria maintain high membrane poten-
tials. Bovine serum albumin binds free fatty acids that can be
generated from membrane lipids and that can uncouple
mitochondria (Skulachev 1991). The Ca®" chelator EGTA
protects against any form of Ca®-induced mitochondrial
dysfunction, including the membrane permeability transition
that by definition results in uncoupling and membrane
depolarization.

Although the relationship between AY, NAD(P)H redox
state, and mitochondrial ROS production is apparent when
these parameters are varied by the addition of either FCCP or
ADP, the quantitative relationships are not identical. Thus,
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the rates of ROS production with either saturating FCCP or
ADP were approximately equal, but AY was at least 20 mV
higher with ADP (Fig. 1). Moreover, the NAD(P)H redox
state was not as oxidized in the presence of ADP as it was in
the presence of FCCP (Fig. 2). This apparent discrepancy
may simply be due to a lack of control over ROS production
at membrane potentials and pyridine nucleotide redox state at
or below that maintained under State 3 respiration. Alternat-
ively, differences in conditions present in the mitochondrial
matrix during State 3 compared to uncoupled respiration
might influence the site or sites responsible for ROS
production. Additional evidence for the existence of mem-
brane potential- and NAD(P)H/NAD(P)-independent ROS
generation comes from the observation that the rate of H,O,
formation in the presence of rotenone was considerably
greater than that observed in the presence of the ATP
synthetase inhibitor oligomycin, even though the NAD(P)H
autofluorescence was identical (Fig. 2). This difference could
be due to a direct induction of ROS production by rotenone
at Complex I in addition to its ability to induce a reduced
shift in NAD(P)H and other redox sites proximal to the site at
which rotenone inhibits electron transport (Ramsay and
Singer 1992).

The site and the mechanism of ROS production by
mitochondria oxidizing NADH-linked substrates in the
absence of electron chain inhibitors are not fully character-
ized. Two fundamentally different mechanisms of ROS
generation are possible. One mechanism involves the
metabolism of NADH-dependent substrates to succinate
and subsequent ROS production due to succinate oxidation
by Complex II, and reversed electron flow through Complex
I. The other mechanism is direct flow of electrons from
NADH-dependent substrates to O, via one or more redox
centers present within Complex 1. In either case, the site of
ROS generation within Complex I appears to be an iron-
sulfur center within either the N2 or N1-a proteins (Genova
et al. 2001; Kushnareva et al. 2002).

Dehydrogenases present in the mitochondrial matrix are
functionally organized within the tricarboxylic acid cycle
pathway and, with the aid of transaminases, allow for rapid
interconversion of metabolic intermediates. Thus, metabo-
lism of NADH-linked substrates can result in the formation
of any TCA cycle intermediate, including (Von Korff et al.
1971; Von Korff and Kerpel-Fronius 1975; Beck et al. 1977,
Kerpel-Fronius et al. 1977). Succinate oxidation stimulates
ROS production at one or more sites located in Complex 1
via reverse electron transfer from Complex II through
ubiquinone (Turrens 1997). Reversed electron transport is
endergonic but can be driven by the energy present within a
high membrane potential, as indicated by the complete
inhibition of this process in the presence of uncouplers
(Hansford et al. 1997; Korshunov et al. 1997; Votyakova
and Reynolds 2001; Liu et al. 2002). The dependence of
ROS production on AW described in Fig. 1 might therefore
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be the consequence of metabolism to succinate and reversed
electron flow to Complex 1.

An alternative mechanism of ROS generation at Com-
plex I specifically involves the redox state of NAD(P)H
(Hansford et al. 1997). Thus A¥Y may not affect ROS
production directly but could regulate the rate of produc-
tion through the close relationship between AW and
NAD(P)H redox state (Fig.3). We propose that the
ROS-producing site of Complex I is in redox equilibrium
with mitochondrial pyridine nucleotides so that its degree
of reduction depends on the NADH/NAD" ratio. This
hypothesis is supported by the relationship between the
rate of H,O, production and the level of reduced pyridine
nucleotides (Fig. 3), as has recently been described by
Kushnareva et al. (2002). Additional evidence in support
of this mechanism comes from the observation that
superoxide production by rotenone-inhibited Complex I
in submitochondrial particles also depends on the NADH/
NAD" ratio and apparently originates from enzyme-bound
reduced NADH (Krishnamoorthy and Hinkle 1988).

Although succinate-driven ROS production at Complex I
is completely abolished by uncoupler-induced mitochondrial
membrane depolarization (Hansford et al. 1997), we found
that a significant fraction (30%) of H,O, formation in the
presence of NADH-linked substrates persists following
maximal uncoupling (Fig. 1) and maximal NAD(P)H oxida-
tion (Fig. 3). This observation supports the opinion that
NADH-linked substrate-dependent ROS production is not
indirectly due to succinate oxidation. The exact nature of this
AW-independent ROS generation is unknown. However,
preliminary results obtained with mitochondria and with
isolated enzymes suggest that it could be mediated by the
direct formation of superoxide by specific dehydrogenases,
e.g. a-ketoglutarate dehydrogenase, and may be independent
of Complex I mediated ROS production.

In conclusion, the results of this study emphasize the
important role of ROS production by NADH-linked respir-
atory substrates in mitochondrial ROS generation. Mitoch-
ondrial ROS production in the presence of the Complex II
substrate succinate is approximately 10 times greater than
that of NADH-linked substrates at 5-10 mm substrate
concentrations (Hansford et al. 1997; Korshunov et al.
1997; Votyakova and Reynolds 2001). Others have reported
values for succinate-dependent ROS production that are
comparable to the values we obtained for NADH-dependent
generation (Barja and Herrero 1998; Herrero and Barja
1998). However, since succinate-dependent ROS generation
is even more sensitive to a decline in AY than is NADH-
dependent ROS generation, variability among laboratories
can be due to differences in AY caused by different
mitochondrial isolation procedures or incubation conditions.
Although tissue succinate levels are normally much lower
than the total concentration of NADH-linked respiratory
substrates, concentrations of succinate do reach mwm levels in
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the brain and other tissues after periods of severe hypoxia
induced by ischemia (Hoyer and Krier 1986; Camici et al.
1991). The redox state of pyridine nucleotides also shifts to a
hyperoxidized level for up to 1h during reperfusion
following cerebral ischemia (Rosenthal et al. 1995). These
conditions might allow for succinate-driven generation of
ROS production at Complex I via reversed electron flow
from Complex II (succinate dehydrogenase) and coenyzme
Q. However, under normal conditions or when Complex I is
inhibited by neurotoxins, e.g. MPP' or rotenone, ROS
production at this site is far more likely to be fueled by the
oxidation of NADH-dependent respiratory substrates (San-
chez-Ramos et al. 1988). We have now shown that NADH-
dependent ROS generation is significant and regulated by
physiological fluctuations in mitochondrial AY and redox
state. This finding provides further support for exploring
neuroprotective interventions based on reducing mitochond-
rial ROS generation through limited respiratory uncoupling
(Kim-Han et al. 2001; Ferranti et al. 2003).
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Abstract—Bcl-2 family proteins protect against a variety of forms of cell death, including acute oxidative stress.
Previous studies have shown that overexpression of the antiapoptotic protein Bcl-2 increases cellular redox capacity.
Here we report that cell lines transfected with Bcl-2 paradoxically exhibit increased rates of mitochondrial H,O,
generation. Using isolated mitochondria, we determined that increased H,O, release results from the oxidation of
reduced nicotinamide adenine dinucleotide-linked substrates. Antiapoptotic Bel-2 family proteins Bel-xL and Mcl-1 also
increase mitochondrial H,O, release when overexpressed. Chronic exposure of cells to low levels of the mitochondrial
uncoupler carbonyl cyanide 4-(triflouromethoxy)phenylhydrazone reduced the rate of H,O, production by Bcl-xL
overexpressing cells, resulting in a decreased ability to remove exogenous H,O, and enhanced cell death under
conditions of acute oxidative stress. Our results indicate that chronic and mild elevations in H,O, release from Bcl-2,
Bcel-xL, and Mcl-1 overexpressing mitochondria lead to enhanced cellular antioxidant defense and protection against

death caused by acute oxidative stress.

© 2004 Elsevier Inc. All rights reserved.
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INTRODUCTION

The Bcl-2 protein inhibits cell death promoted by a
wide variety of stimuli when overexpressed (for
reviews see [1-3]). This protein is located predom-
inantly in intracellular membranes, and most of its
protective effects against cell death have been attributed
to its mitochondrial location [1-3]. Mitochondria play
essential roles in the regulation of key steps in both
apoptotic and necrotic cell death by affecting energy
metabolism, participating in intracellular Ca** homeo-
stasis, regulating the activation of caspases, and
releasing reactive oxygen species (ROS) [1,4-6]. Bcl-
2 overexpression has been previously shown to act at
multiple steps of mitochondrially regulated cell death
such as increasing maximal mitochondrial Ca*" uptake
capacity [7], preventing the release of proapoptotic
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mitochondrial intermembrane proteins [8—10], and
preventing oxidative stress following deadly stimuli
[4,11-13].

The prevention of oxidative stress following cell-
death-initiating stimuli is associated with an increase in
the total antioxidant capacity of Bcl-2 overexpressing
cells [13—15]. It has been hypothesized [12] that this
enhanced antioxidant capacity is related to a chronic
increase in cellular ROS under physiological conditions
secondary to Bcl-2 overexpression. Indeed, many
redox-related genes are activated by increased H,O,
levels [16,17] and can be determinant in the apoptotic
process [13]. Data using a single Bcl-2-transfected cell
line support the idea that Bcl-2 chronically increases
ROS [12]. However, other groups [11,18] have not
found changes in mitochondrial ROS release in Bcl-2
overexpressing cells under physiological conditions but
have uncovered a protection against oxidative stress by
Bcl-2 following apoptotic stimuli. It has been argued
that the lack of detection of a Bcl-2 effect under
physiological conditions is due to the use of less
sensitive ROS probes [12].
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If an effect of Bcl-2 on mitochondrial ROS release
under physiological conditions is confirmed, the mech-
anism through which such a change could occur would
be of great interest. We demonstrated [7,19] that Bcl-2
does not alter mitochondrial functional parameters such
as respiration and the inner membrane potential, suggest-
ing that these are not direct causes for any possible
changes in ROS release by this organelle. Furthermore, a
link between chronic increases in ROS release by Bel-2
and protection against acute oxidative cell death has not
been established.

In this study we evaluated the effects of Bcl-2 and
antiapoptotic Bcl-2 family proteins Bel-xL and Mcl-1 on
mitochondrial ROS release using a H,O, detection system
that is more sensitive than techniques applied previously
to similar comparisons. We additionally tested the
relationship of endogenous mitochondrial ROS produc-
tion with sensitivity to acute cell death caused by oxidative
stress. Our findings support the hypothesis that these Bcl-2
family proteins protect against acute cell death by
increasing cellular antioxidant capacity due to chronic
changes in mitochondrial ROS release.

EXPERIMENTAL PROCEDURES
Cell cultures

PC12 pheochromocytoma and immortalized hypo-
thalamic GT1-7 neuronal cell lines transfected with the
human bcl-2 gene (Bcl-2+) or with a control retroviral
construct (Bcl-2—) were maintained as described previ-
ously [20]. Western blot analysis indicated that Becl-2
levels were undetectable in Bcl-2- cells and that the
protein was present at high levels in the mitochondrial
fraction of Bcl-2+ preparations (not shown). Parental MM
8226 cells (control cells) were transfected with bcl-xI (Bel-
xL cells) and mcl-1 (Mcl-1 cells) and cultured as
previously described [21]. Western blots of control cells
did not exhibit any detectable Bcl-xL or Mcl-1. Prior to
experiments, the cells were suspended in growth medium
supplemented with 10 mM Hepes, pH 7.0. Suspended
cells were kept at room temperature for up to 5 h. Cell
viability, as assessed by a cell count in the presence of
trypan blue, was above 95% even after 5 h at room
temperature. The suspended cells were centrifuged and
resuspended in the medium used in the experiment just
prior to each determination. Cell protein content was
determined using the Biuret method. The protein/cell
count ratio was not affected by the level of Bcl-2 family
protein expression. All experiments were conducted at
37°C.

Mitochondrial isolation

Mitochondria were isolated from digitonin-permea-
bilized cells as described by Moreadith and Fiskum [22]

in isolation buffer containing 210 mM mannitol, 75 mM
sucrose, 1 mg/mL BSA, 5 mM Hepes, and 1 mM
EGTA, pH 7.2 (KOH). Mitochondria isolated in this
manner typically displayed respiratory control ratios
between 3 and 6, when respiring on NADH-linked
substrates.

H,>0, release

H,0, was measured by following the oxidation of
50 pM amplex red (Molecular Probes A12222) in the
presence of 1 U/mL horseradish peroxidase (HRP)
[23,24] recorded on a temperature-controlled fluores-
cence spectrophotometer equipped with continuous
stirring and operating at excitation and emission
wavelengths of 563 and 587 nm, respectively.
Because amplex red presents a slow rate of sponta-
neous oxidation in the presence of HRP (<2% of
rates in the presence of cells or mitochondria), all
traces were subtracted from a baseline trace recorded
in the same media devoid of cells or mitochondria.
Data were calibrated by adding known quantities of a
freshly prepared H,O, stock quantified by its absorb-
ance at 240 nm (E = 43.6 M - cm ).

H>0; removal

H,0, removal was measured as described previ-
ously [25] from freshly isolated cell homogenates
suspended in phosphate-buffered saline. Briefly, 0.5
mg/mL of total cell protein was incubated for 1 min
with 1.0 pM H,O, and a 1-uL aliquot was taken and
diluted in 2 mL of suspension buffer with 50 pM
amplex red and 1.0 U/mL horseradish peroxidase. A
single fluorescence reading was taken at 563 nm
emission and 587 nm excitation. Amplex red readings
in samples untreated with H,O, were negligible,
indicating that oxidation of the dye by cytosolic
components, e.g., NADH, did not significantly affect
measurements under these conditions.

Lactate dehydrogenase (LDH) activity

LDH activity was measured using Sigma Diagnostics
LDH kit No. 500 in 10 pL undiluted growth media from
cells plated 2 h previously at 1 mg protein/mL in the
presence of varying H,O, concentrations. Total releas-
able LDH was measured by treating cells with 0.05%
digitonin.

Reagents

Amplex red was purchased from Molecular Probes.
Horseradish peroxidase (P8125), EGTA, digitonin,
malate, glutamate, pyruvate, succinate, BSA, rotenone,
antimycin A, and alamethicin were from Sigma-—
Aldrich. All other reagents were of analytical purity
grades.
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Data analysis

Traces are representative of data collected from at
least three similar repetitions. Averages represented in
scatter and bar graphs were calculated from data
collected from three to nine repetitions using different
preparations. Error bars indicate standard errors (SE) and
significance was calculated using pairwise Tukey tests,
conducted by SigmaStat.

RESULTS

Figure 1 shows H,O, release from two distinct cell
lines (GT1-7 hypothalamic tumor and PC12 pheochro-
mocytoma cells), comparing the effects of Bcl-2 expres-
sion on cellular H,O, production by following the time-
dependent oxidation of amplex red in the presence of
HRP [25]. This method is sensitive to physiological levels
of H,0, release and detects between 0.025 and 0.05 nmol

1847

conditions. In intact cells, no difference in H,O, release
between Bcl-2— and Bcl-2+ cells was apparent (left
panels), a result consistent with previous findings [11,18].

Based on previous work showing that Bcl-2 over-
expression increases mitochondrial H,O, release in
Burkitts lymphoma and promyelocytic leukemia cell
lines [12] and the finding that Bcl-2 overexpression
enhances cytosolic antioxidant levels in the cell lines used
in our study [14], we reevaluated H,O, release in
digitonin-permeabilized cells respiring in state 4 (non-
phosphorylating) conditions. Low digitonin concentra-
tions selectively permeabilize the plasma membrane,
promoting a large dilution of cytosolic components
(including intracellular antioxidants) while maintaining
cell architecture and mitochondrial function unaltered
[26]. This is the preferred method to study the effects of
Bcl-2 in mitochondria from transfected cell lines, since
mitochondrial isolation may promote damage to the

H,0, - min~' - mg~ " cell protein under normal growth organelle in a Bcl-2-inhibited manner [7,27]. Under these
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Fig. 1. Bcl-2 overexpression increases H,O, generation in digitonin-permeabilized cells. GT1-7 or PC12 Bcl-2- and Bcl-2+ cells (as
indicated) were added at a concentration of 10 mg protein/mL to 37°C media containing 1 U/mL HRP and 50 uM amplex red to measure
H,0, release (as described under Experimental Procedures). Intact cells were incubated in phenol red-free modified Eagle’s medium
supplemented with 10 mM Hepes, pH 7.2. Permeabilized cells were incubated at 37°C in 250 mM sucrose, 5 mM pyruvate, 5 mM
malate, 5 mM glutamate, 100 uM EGTA, 1 mg/mL BSA, 0.001 or 0.004% digitonin (GT1-7 and PC12 cells, respectively), 1 pg/mL
oligomycin, and 10 mM K*-Hepes, pH 7.2. Leftmost and center panels depict representative tracings of intact and permeabilized cell
measurements, respectively. The panels on the right show averages of at least three repetitions. *p < 0.05 compared to Bcel-2- cells.
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conditions and in the presence of NADH-linked sub-
strates, we found that both lines of Bcl-2+ cells generated
significantly higher H,O, levels than their respective
control transfectants (Fig. 1, right panels).

To determine whether mitochondria are responsible
for the Bcl-2-dependent differences in H,O, release, we
incubated permeabilized GT1-7 and PCI12 cells in the
absence of respiratory substrates (Fig. 2). Under these
conditions, endogenous redox sources are rapidly
depleted (1-2 min after the addition of the cells). The
H,0, detection rates after this period were similar in Bcl-
2- and Bcl-2+ cells, but the increased H,O, release rates
observed in Bcl-2+ cells could be recovered by adding
the mitochondrial NADH-linked substrate pyruvate,
indicating that the difference in H,O, release in Bel-2+
cells is of mitochondrial origin.

There are several sites of mitochondrial ROS produc-
tion including Complexes 1 and Il of the electron
transport chain and possibly several tricarboxylic acid
cycle dehydrogenases [28,29]. Furthermore, mitochon-
drial ROS release is altered by changes in respiratory
rates and the use of different respiratory inhibitors. While
increasing respiration with uncouplers generally reduces
ROS release, inhibiting specific respiratory complexes
enhances electron leakage from sites upstream of the in-
hibition [30,31]. ROS production by Bcl-2+ and Bcel-2—
mitochondria was compared using different respiratory
substrates and inhibitors in an attempt to further identify
the molecular basis for the effects of Bcl-2 on ROS
generation. In these experiments, we used isolated GT1-7
and PC12 mitochondria to avoid amplex red oxidation by
nonmitochondrial cellular components. Using isolated
mitochondria, amplex red oxidation in the absence of
respiratory substrates was negligible (results not shown).
H,O, release from isolated Bcl-2+ mitochondria was
enhanced relative to Bcl-2- preparations in the presence

o
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Fig. 2. Increased H,O, release in Bel-2+ cells is of mitochondrial origin.
Permeabilized GT1-7 and PC12 cells were incubated under the
conditions described in the legend to Fig. 1, except that the
mitochondrial respiratory substrates pyruvate, malate, and glutamate
were not present in the incubation buffer. Pyruvate (5 mM) was added
where indicated.

of NADH-linked substrates malate plus glutamate (Mal +
Glu) or pyruvate (Pyr). Rotenone (Rot), a Complex I
inhibitor, enhanced H,O, release in both Bcl-2+ and Bcl-
2- preparations (Fig. 3), suggesting that the difference in
ROS generation originates from an electron source
upstream of rotenone inhibition, such as iron—sulfur
centers in Complex I [28,32].

Support for a Complex-I-associated effect of Bcl-2 on
mitochondrial ROS production came from experiments
performed with the Complex II substrate succinate
(Succ). GT1-7 Bcel-2+ and Bcel-2- mitochondria generated
equal amounts of H,O, when energized with succinate
(Fig. 3). In PCI12 mitochondria, H,O, release rates
supported by succinate were significantly higher in
Bcl-2 transfectants unless antimycin A (AA), which
increases ROS release at the level of coenzyme Q [33],
was present. As these results argue against an involve-
ment of coenzyme Q/Complex III in Bcl-2-regulated
ROS production in the presence of succinate, we
hypothesized that Bcl-2 affects ROS production by
NADH-linked substrates, e.g., malate, that can be
generated from succinate via matrix tricarboxylic acid
cycle enzymes. To eliminate this potential contribution to
succinate-driven ROS generation, we incubated mito-
chondria with alamethicin (Ala), which forms large pores
in mitochondrial membranes resulting in organellar
swelling, rupture, and release of soluble matrix compo-
nents. Under these conditions, succinate oxidation via
membrane-bound succinate dehydrogenase (Complex II)
resulted in H,O, release rates that were equal for Bcl-2-
and Bcl-2+ mitochondria. Thus, increases in ROS release
in Bcl-2+ mitochondria occur due to changes in NADH
metabolism, and electron leakage leading to ROS release
between Complexes Il and IV is equal in cells with
different levels of Bcl-2 expression. H,O, release in
alamethicin-permeabilized mitochondria was measured
using only succinate as a substrate due to the interference
of added NADH with the amplex red detection system.

Previous experiments by our group using the same
cell lines have determined that Bcl-2 does not signifi-
cantly change mitochondrial respiratory rates or mem-
brane potential [7,19]. This suggests that changes in
respiratory rates are not responsible for increases in ROS
release in Bcl-2+ mitochondria. We have also found
previously that Becl-2+ mitochondria contain larger
quantities of NAD(H) and an increased ability to
maintain NAD(H) in its reduced state [34]. This effect
could be related to the enhanced H,O, generation
promoted by Bcl-2 as mitochondrial ROS production is
very sensitive to changes in NAD(H) redox state [35,36].
To investigate this possibility, we measured H,O, release
in the presence of different respiratory conditions that
maintain NADH/NAD" ratios at either very high or low
levels by, respectively, decreasing or maximizing elec-



Bcl-2 and Mitochondrial Reactive Oxygen Production 1849

o
[$))
]

[ 1Bec2- |GT1-7

il

o o <

N w e

1 1 1
*

H,0, release (nmoles - min™'- mg™)
IS4
i

0.0-
X X XN X X
SRS L8 O ST
0'\0.) O‘\\% o'\@ ox?? <&
O‘\\%
Mal+Glu Pyr Succ Ala+Succ

109 Bo2- | PC12

o H cco-2+

E 0.8 * *

=

g

o 064 T

[ *

5 *

£

£ 04

[0]

(2]

(3]

o

2 0.2+

N

o

N

I

0.0- o & o & P X
P T 208 8
O3 O3 o S
S S A
O‘\\Q

Mal+Glu Pyr Succ Ala+Succ

Fig. 3. NADH is the electron source for increased ROS release in Bel-2+ cells. Isolated GT1-7 and PC12 cell mitochondria (0.5 mg/mL)
were incubated at 37°C in 250 mM sucrose, 1 mM EGTA, 1 mg/mL BSA, 1 mM K'-P;, 5 mM Mg**, 2 mM ATP, and 10 mM K*-Hepes,
pH 7.2, containing 1 U/mL HRP and 50 uM amplex red. Malate plus glutamate (Mal + Glu, 5 mM each), 5 mM pyruvate (Pyr), 5 mM
succinate (Succ), 100 nM alamethicin (Ala), 1 pg/mL oligomycin (Oligo), 100 nM rotenone (Rot), and/or 200 nM antimycin A (AA)
were added where indicated. *p < 0.05 compared to Bcl-2-mitochondria.

tron transport (Fig. 4). We found that H,O, release levels
were higher in both Bcl-2+ cell types, regardless of
whether respiration was maximized by oxidative phos-
phorylation (ADP) or uncoupler (FCCP), or decreased by
the ATP synthetase inhibitor oligomycin (Oligo). These
results demonstrate that the Bcl-2 effect on ROS
production is independent of changes in NADH/NAD"
ratios and is probably related to increased electron
leakage at or prior to Complex I.

If the increase in mitochondrial H,O, release pro-
moted by Bcl-2 bears any relevance to ability to advance
tumor generation or protect against cell death, similar
effects should be observed with other antiapoptotic Bel-2
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family proteins. Thus, we worked with multiple myeloma
cells (MM 8226) transfected with Bcl-xL and Mcl-1
antiapoptotic proteins. Bcl-xL is structurally similar to
Bcl-2 , while Mcl-1 is a larger protein, lacking the BH4
homology region [2,21]. Both proteins are effective
protectors against a variety of forms of cell death,
including oxidative damage [2,21,37,38]. We found
(Fig. 5) that Mcl-1 moderately increased cellular H,O,
release measured in intact cells, digitonin-permeabilized
cells, or isolated mitochondria, while Bel-xL presented a
very strong H,O,-stimulating effect under these con-
ditions. Again, increased H,O, release was observed
only using NADH-linked substrates. Parallel measure-
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Fig. 4. Increased ROS release in Bcl-2+ cells is independent of respiratory energy coupling. Isolated GT1-7 and PC12 cell mitochondria
(0.5 mg/mL) were incubated at 37°C in 250 mM sucrose, | mM EGTA, 1 mg/mL BSA, I mM K*-P;, 5 mM Mg*", and 10 mM K*-
Hepes, pH 7.2, containing 1 U/mL HRP and 50 uM amplex red. Malate plus glutamate (Mal + Glu, 5 mM each) or 5 mM pyruvate (Pyr).
200 uM ADP, 1 pg/mL oligomycin (Oligo), and 0.5 pM FCCP were added sequentially where indicated. *p < 0.05 compared to Bcl-2-

mitochondria.
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Fig. 5. Bel-xL and Mcl-1 overexpression increases H,O, generation. 10 mg/mL control, Bel-xL, or Mcl-1 overexpressing MM 8226
cells (0.5 mg/mL) isolated MM 8226 mitochondria (as indicated) were added to 37°C media containing 1 U/ml HRP and 50 pM amplex
red to measure H,O, release (as described under Experimental Procedures). Intact cells were incubated in RPMI media supplemented
with 5 U superoxide dismutase/mL and 10 mM Hepes, pH 7.2. FCCP (100 nM) was added where shown 15 min before the
measurement. Permeabilized cells were incubated in 250 mM sucrose, 5 mM pyruvate, 5 mM malate, 5 mM glutamate, 100 uM EGTA,
1 mg/mL BSA, 0.005% digitonin, 1 pug/mL oligomycin, and 10 mM K'-Hepes, pH 7.2. Experiments using isolated MM 8226
mitochondria were conducted under the conditions described in the legend to Fig. 3. *p < 0.05 compared to control mitochondria.

ments of respiratory rates and respiratory control ratios
did not show any significant differences between trans-
fected and untransfected cells (results not shown).

Since Bcel-xL-dependent differences in H,O, release
were detectable in intact MM 8226 cells, we used these
cells to test the hypothesis that chronic increases in H,O,
generation are paradoxically related to protection against
acute oxidative cell death. We found that H,O, release in
Bcel-xL cells could be reduced by mildly uncoupling
mitochondria with nanomolar concentrations of FCCP
(Fig. 5, far left). We cultured the cells in the presence of
these concentrations of FCCP for 48 h, measured their
ability to remove H,O,, and determined their resistance
to H,O,-promoted cell death (Fig. 6). We found (Fig. 6,
left) that Bel-xL cell homogenates had a greater ability to

remove H,O, relative to controls, possibly reflecting
enhanced catalase and peroxidase activity. Incubation
with FCCP for 48 h reduced the H,O, removal activity of
Bcl-xL cells to levels more similar to those of controls.
This effect was not due to a toxic effect of FCCP per se,
since Bcl-xL cells treated with FCCP just prior to
homogenization did not exhibit lower H,O, removal
activity. Thus, the decrease in H,O, removal promoted
by FCCP is dependent on long-term mild uncoupling and
is associated with depressed mitochondrial ROS release.

In parallel to H,O, removal experiments, we meas-
ured resistance to acute oxidative stress in these cell
types. Intact cells were incubated in the presence of mM
concentrations of exogenous H,O, for 2 h, and cell
damage was measured by determining lactate dehydro-
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Fig. 6. Mild uncoupling decreases the effect of Bel-xL overexpression on cellular H,O, removal capacity and resistance to oxidative
stress. Control or Bel-xL cells were grown under control conditions or in the presence of 100 nM FCCP, as shown. H,O, removal
capacity (left) was determined in fresh cell homogenates as described under Experimental Procedures. Cell death, as indicated by LDH
release (right), was determined in the growth medium after 2-h incubation in varying H,O, concentrations, as shown. *p < 0.05

compared to control cells; “p < 0.05 compared to Bel-xL cells.
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genase activity in the growth media. We found (Fig. 6,
right) that Bcl-xL cells were strongly resistant to damage
under these conditions. However, Bcl-xL cells treated
with FCCP for 48 h lost most of their resistance to H,O,-
induced cell death. This increased sensitivity to H,O,
was not related to acute FCCP poisoning, since Bcel-xL
cells treated with FCCP just prior to the addition of H,O,
exhibited injury similar to that of untreated cells. In
addition, control cells treated with FCCP for 48 h or just
prior to H,O, exposure behaved similarly to untreated
control cells (results not shown). Thus, increased
mitochondrial ROS release, increased ability to remove
H,0,, and resistance to oxidative stress are closely
associated in Bcl-xL overexpressing cells.

DISCUSSION

One of the most intriguing properties of Bel-2 family
proteins is their ability to prevent both apoptotic and
necrotic cell death. While the antiapoptotic effects of these
proteins have been shown to be mediated by binding to
proapoptotic proteins such as Bax, inhibiting their ability
to oligomerize and form pores in the mitochondrial outer
membrane through which soluble mitochondrial proapop-
totic proteins are released into the cytosol [2,39,40], the
mechanisms related to antinecrotic effects of Bcl-2
[41,42] are more poorly understood.

Several lines of evidence suggest that one of the
mechanisms through which Bel-2 family proteins protect
against necrotic cell death involves enhanced antioxidant
defenses in these cells: (i) these proteins protect against
cell death induced by exogenous oxidants [11,37,38], (ii)
depletion of intracellular antioxidants without affecting
Bcl-2 levels can eliminate the protective effect of Bel-2
or Bel-xL [13,15,43,44], and (iii) Bcl-2 overexpressing
cells contain higher levels of antioxidants [14,15].
However, the mechanism through which cells expressing
Bcl-2 family proteins develop this increased resistance
against oxidative stress was not established to date.

Redox-related genes are regulated by a variety of
factors that include local oxygen tension and intracellular
[H,0,] [16,17,45], parameters that could be altered by
mitochondrial proteins such as Bel-2. Since previous data
from our group indicated that Bcl-2 does not alter normal
mitochondrial respiration [7,19], it is unlikely that
intracellular oxygen tension is affected by Bcl-2 levels.
We therefore focused our attention on a possible effect of
this protein on mitochondrial H,O, release levels. We
hypothesized that Bcl-2 could moderately increase
mitochondrial ROS release under physiological condi-
tions, leading to enhanced antioxidant expression levels
and protection against acute oxidative stress-related cell
death. Our hypothesis was supported by previous results
suggesting higher mitochondrial H,O, generation in Bcl-

2-transfected cells [12,46] despite a lack of such a
difference reported in other publications [11,18].

Using cell lines transfected with Bcl-2, Bel-xL, and
Mcl-1 and employing a highly sensitive H,O, detection
method, we found a significant 30-100% increase in
mitochondrial H,O, release relative to cells that express
lower levels of these antiapoptotic proteins (Figs. 1-5).
This effect is probably due to changes in electron leakage
at the level of respiratory Complex I, since it could be
observed only in the presence of NADH-linked substrates
(Figs. 3 and 5). The promotion of ROS production by
these Bcl-2 family proteins is not due to their effects on
NAD(H) redox state, as indicated by the consistent results
observed in the presence either of the uncoupler FCCP
(oxidized redox state) or of the ATP synthetase inhibitor
oligomycin (reduced redox state) (Figs. 4 and 5). We have
not, at this juncture, identified the precise mechanism
through which Bcl-2 family protein overexpression leads
to enhanced ROS release from mitochondria. It is,
however, possible that this effect of Bcl-2 proteins is
due to changes in the composition or structure of
Complex I, resulting in increased electron leakage but
not enhanced electron transport. Alternatively, Bcl-2
family proteins may interact with Complex I, resulting
in increased electron leakage. Furthermore, although our
results suggest that Complex I is the main site for
enhanced electron leakage in Bcl-2-family-protein-trans-
fected mitochondria, they do not completely rule out a
possibility for other electron leakage sites such as
Complex III. Regardless of the site and mechanism
through which the increase in ROS occurs, our results
confirm and extend earlier reports suggesting elevated
ROS generation with Bcl-2 overexpression [12] and are
the first to demonstrate that three different anti-death Bcl-
2 family proteins share the common characteristic of
elevating basal rates of mitochondrial ROS production.

Despite the higher H,O, release rate observed with
Bcl-2 family protein expression and either isolated
mitochondria or permeabilized cells, differences in H,O,
production measured with control vs overexpressing
intact cells were either eliminated (Bcl-2, Fig. 1) or less
evident (Bcl-xL, Fig. 5). These comparisons indicate that
elevated mitochondrial ROS production is compensated
by enhanced H,O, removal capacities in the transfected
cells. Our finding that the H,O, removal rate of Bcl-xL
cell homogenates is greater than that of control cells
supports this interpretation (Fig. 6). Moreover, previous
work with the same Bcel-2-transfected cells demonstrated
elevated expression of catalase or glutathione reductase,
two enzymes directly involved in the elimination of H,O,
[14]. These observations taken together suggest that the
mild oxidative stress caused by elevated mitochondrial
ROS production mediated by Bcl-2 family protein over-
expression is responsible for inducing the expression of
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one or more antioxidant systems. Our finding that 48 h
exposure of Bel-xL overexpressing cells to a level of a
mitochondrial uncoupler that significantly lowers cellular
H,0, release also reduces the H,O, removal capacity of
cellular homogenates supports this hypothesis (Fig. 6).

Our results suggest that Bcl-2 family proteins may
protect against oxidative cell death in a manner similar
to that of ischemic preconditioning in which short
nondamaging periods of ischemia protect against longer
ischemic damage [47]. During preconditioning, mito-
chondrial ROS release is moderately increased, and this
effect prevents large increases in ROS after ischemia
[48,49]. The prevention of ROS release after ischemic
preconditioning may be related to altered gene expres-
sion in delayed preconditioning [50] or, acutely, to
redox activation of pathways capable of preventing
mitochondrial ROS release such as ATP-sensitive K"
channels [48,51].

Thus, while large increases in endogenous ROS
accumulation are damaging to cells under many con-
ditions, moderate increases in ROS such as those
promoted by antiapoptotic Bcl-2 family members may
be protective in a preconditioning-like manner, making
cells better prepared to respond to acute oxidative stress.
This effect explains the protective role of Bcl-2 family
proteins against acute oxidative stress, in which the
primary role of these proteins does not necessarily
involve preventing the proapoptotic effects of proteins
such as Bax or the prevention of caspase activation [37].
Indeed, protection against oxidative stress promoted by
Bcl-2 family proteins may be vital to tumor cell survival
since primary and metastatic tumors grow under a variety
of oxygen tensions [52—54] and, presumably, intermittent
periods of oxidative stress.
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Abstract

Exposure of neurones in culture to excitotoxic levels of glu-
tamate results in an initial transient spike in [Ca®*]; followed
by a delayed, irreversible [Ca*], rise governed by rapid
kinetics, with Ca®* originating from the extracellular medium.
The molecular mechanism responsible for the secondary
Ca?* rise is unknown. Here, we report that the delayed Ca®*
entry in cortical neurones is diminished by 2-amino-
ethoxydiphenyl borate (2-APB: ICso = 62 + 9 um) and La®*
(ICs0 = 7.2 £ 3 um), both known to inhibit transient receptor
potential (TRP) and store-operated Ca®* (SOC) channels.
Application of thapsigargin, however, failed to exacerbate the
delayed Ca®* deregulation, arguing against a store depletion
event as the stimulus for induction of the secondary [Ca®*];
rise. In addition, these neurones did not exhibit SOC entry.

Unexpectedly, application of ryanodine or caffeine signifi-
cantly inhibited glutamate-induced delayed Ca®* deregula-
tion. In basal Ca®* entry experiments, La®*" and 2-APB
modulated the rapid rise in [Ca*], caused by exposure of
neurones to Ca®* after pre-incubating in a calcium-free
medium. This basal Ca2* influx was mitigated by extracellular
Mg?* but not aggravated by thapsigargin, ryanodine or caf-
feine. These results indicate that 2-APB and La®* influence
non-store-operated Ca2* influx in cortical neurones and that
this route of Ca2* entry is involved in glutamate-induced
delayed Ca®* deregulation.

Keywords: 2-aminoethoxydiphenyl borate, delayed Ca®*
deregulation, excitotoxicity, La®, store-operated calcium
entry, transient receptor potential.
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Delayed calcium deregulation (DCD) is a phenomenon
originally described by Manev and colleagues (Manev et al.
1989), further characterized by the groups of Thayer (Randall
and Thayer 1992) and Tymianski (Tymianski et al. 1993b),
addressing the latent loss of calcium homeostasis of cultured
neurones upon exposure to glutamate. The phenomenon is
invariably demonstrated in every neuronal cell type studied,
i.e. spinal (Tymianski et al. 1993b), hippocampal (Randall
and Thayer 1992), cerebellar granule (Budd and Nicholls
1996), striatal (Alano ef al. 2002) and cortical neurones
(Rajdev and Reynolds 1994). DCD is not observed if high
extracellular K is alternatively employed to elevate [Ca®"]y;
this led to the proposal of a ‘source specificity’ hypothesis of
Ca**-induced neurotoxicity (Tymianski et al. 1993b). How-
ever, this idea has been challenged by subsequent studies
showing that activation of NMDA receptors produces much
larger Ca”" entry than activation of voltage-dependent Ca*"
channels by high extracellular K™ (Hyrc et al. 1997). The
initial spike in [Ca®']; induced by glutamate is due to
opening of the ligand-gated glutamate receptors, in addition
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to secondary activation of the voltage-dependent calcium
channels (VDCCs). DCD, however, is not attributed only to
events downstream of NMDA receptor activation, but also to
AMPA/kainate, as well as to tetrodotoxin (TTX)-sensitive
channels activated by veratridine in combination with
oxidative stress (Chinopoulos et al. 2000) or alone (Rego
et al. 2001). Yet, the delayed [Ca®"]; rise is not inhibitable by
post-glutamate addition of antagonists of NMDA or non-
NMDA receptors (Manev et al. 1989; Tymianski et al.
1993a), nor by blocking voltage-dependent Ca** or Na®
channels (Hartley and Choi 1989; Manev et al. 1989;
Randall and Thayer 1992; Tymianski ef al. 1993a). A
number of studies have shown that DCD is associated with
the loss of mitochondrial membrane potential. Therefore, the
secondary rise in [Ca®"); could result from the release of
calcium previously sequestered by mitochondria (Nicholls
and Ward 2000). In addition, the delayed [Ca®']; rise appears
to be accompanied by mitochondrial sequestration, supported
by in vivo studies (Dux et al. 1987) demonstrating ultra-
structural alterations of the mitochondria suggestive of pore
opening. However, to consign DCD and permeability
transition pore (PTP) in the pragmatic order of events is
not yet feasible (Nicholls ef al. 2003). Several lines of
evidence argue against the possible contribution of a reverse
function of the plasma membrane Na'/Ca®" exchanger
(PMNCX) to the delayed Ca*' rise: (i) NMDA-induced
(but not glutamate-induced) neurotoxicity is not affected by
profound hypothermia (12°C) (Tymianski et al. 1998), a
condition that diminishes the function of the exchanger
dramatically (Schellenberg and Swanson 1982); (ii) the
reverse function of the exchanger is eliminated upon
exposure of neurones to glutamate within 3-5 min (Yu &
Choi 1997); (iii) inhibition of the exchanger by KB-R7943
unveiled a trivial role for the expression of excitotoxic injury
(Hoyt et al. 1998). However, DCD demands the existence of
a discrete pathway as it precedes, and eventually leads to,
plasma membrane leakiness (Tymianski et al. 1993a) and
cell death (Tymianski et al. 1993a, b; Limbrick et al. 1995).
It is firmly established that Ca®" originates from the
extracellular medium (Hartley and Choi 1989; Manev et al.
1989; Randall and Thayer 1992; Tymianski et al. 1993b), but
DCD is not attributed to the ‘traditionally’ recognized Ca**
channels, such as glutamate receptor-operated or voltage-
gated Ca®" channels (Limbrick e al. 2001). Along this line,
it was shown that a secondary activation of a non-selective
cation conductance, termed post-exposure current ([c), is
induced subsequent to excitotoxic application of NMDA to
hippocampal neurones and probably accounts for the delayed
Ca®" rise (Chen et al. 1997).

We explored the possibility that DCD is mediated by
transient receptor potential (TRP) channels, which are
abundant in nervous tissue (Montell et al. 2002). Currently,
a few members of the TRP family are candidates for the
so-called ‘store-operated Ca®" entry’ [(SOCE) also known as

capacitative calcium entry (CCE)]. SOCE is a process
whereby the depletion of intracellular calcium stores (likely
endoplasmic or sarcoplasmic reticulum) activates plasma
membrane Ca®" permeable channels (Putney 1986). SOCE is
centrally positioned among signal transduction and [Ca®"];
homeostasis in both excitable and non-excitable cells (Ven-
katachalam et al. 2002). However, unequivocal evidence
showing that TRP channels account for SOCE is yet to be
reported (Clapham 2003). In addition, several members of
the TRP channel family operate in a store-independent
manner (Braun ef al. 2001; Obukhov and Nowycky 2002;
Zitt et al. 2002).

Our results are consistent with the hypothesis that
activation of TRP channels is responsible for the delayed
[Ca®"]; rise. However, they do not support a role for
intracellular Ca®" store depletion in triggering DCD. This
hypothesis is supported by the recent demonstration that
TRPM?7, a member of the melastatin branch of the TRP
family, is responsible for neuronal death (Aarts et al. 2003)
caused by oxygen-glucose deprivation, a model previously
reported to mediate neuronal demise through NMDA recep-
tor (NMDAR) activation (Goldberg et al. 1987; Goldberg
and Choi 1993).

Materials and methods

Preparation of cortical neurones

Primary cultures of cortical neurones were prepared from Sprague-
Dawley rats (17th day in utero). All animal procedures were carried
out in accordance with the National Institutes of Health and the
University of Maryland, Baltimore, Animal Care and Use Commit-
tee Guidelines. Neurones were grown on 25 mm coverslips for
10-16 days in vitro, at a density of approximately 50 000 cells/
coverslip, supplemented with Dulbecco’s modified Eagle’s essential
medium (DMEM), glutamine, neurobasal medium and B27 supple-
ment. Glial proliferation was prevented by adding cytosine-
arabinofuranoside (5 pm) 24 h after plating. Immunocytochemical
measurements of glial fibrillary acid protein (GFAP) confirmed that
cultures contained < 1% glia.

[Ca®*]; imaging

To measure [Ca”]i, neurones were loaded with fura-2 AM, fura-
6F AM or fura-FF AM (2 pum) at 37°C for 20 min, followed by a
10 min hydrolysis period. Single cell fluorescence of fura-2, fura-6F
or fura-FF was ratio imaged by alternating excitation at 340 nm and
380 nm (Polychrome IV, Till, Munich, Germany), and emission at
510 nm. Image sequences (10 s/ratio frame, 50 ms exposure time,
2 X 2 binning) were acquired using an ORCA-ER cooled digital CCD
camera (Hamamatsu Photonics, Hamamatsu, Japan) mounted on a
Nikon Eclipse TE2000-S inverted microscope (SFluor 20 x 0.75 NA
and 40x 1.2 numerical apeture (NA) for [Ca2+]i and [Ca®" g
determinations, respectively; Nikon Corp., Tokyo, Japan). Image
acquisition was controlled by Metafluor 5.0 (Universal Imaging
Corp., West Chester, PA, USA). The sample holder and the perfusate
(50 mL/h flow rate) were temperature controlled at 37°C at the side of
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the recording. The composition of the perfusate was, in mm: NaCl
120,KC13.5, KH,P0O,4 0.4, HEPES 20, NaHCO3 5, glucose 15, CaCl,
1.3 (or 2.6 where indicated), MgCl, 1 (or nominally Mg>*-free for
DCD experiments in the absence or presence of inhibitors). Whenever
LaCl; was used, KH,PO, and NaHCO; were excluded from the
medium; control experiments verified that the lack of these chemicals
did not account for the effects of LaCls.

Delayed Ca®" deregulation was assayed by counting the cells on
fura-6F ratio plots, which exhibited a sudden, irreversible rise in
fura-6F fluorescence ratio after the initial glutamate peak. Half-times
(t15) of [Ca*"]; decay for basal Ca®" entry experiments were
calculated by fitting a single-exponential decay function on each
trace, from the peak in 400 s length. Image analysis was carried out
in Metafluor Analyst (Universal Imaging Corp.), and data analysis
in Mathematica 4.2 (Wolfram Research, Champaign, IL, USA) and
SigmaPlot 8 (SPSS Inc., Chicago, IL, USA).

[Mg**]; imaging

[Mg**]; determination was performed similarly to the [Ca®'];
imaging. Neurones were loaded with Mag-fura red-AM (3 pum) at
37°C for 15 min, followed by a 5 min hydrolysis period. Single-cell
fluorescence of Mag-fura red was ratio imaged by alternating
excitation at 430 nm and 490 nm, and emission at > 570 nm. The
affinity constant (K4) of Mag-fura red was determined in a cuvette
fluorimeter (PTI Deltascan, New Brunswick, NJ, USA) and
estimated to be 2.4 mm (37°C; pH 7.05). Ratios were calibrated in
vitro using the Grynkiewicz equation (Grynkiewicz et al. 1985) with
a measured viscosity correction (Poenie 1990). Image sequences
(30 s/ratio frame, 100 ms exposure time, 2 X 2 binning) were
acquired by the CCD camera. The sample holder and the perfusate
(50 mL/h flow rate) were temperature controlled at 37°C at the side
of the recording. The composition of the perfusate was, in mm: NaCl
120, KCl 3.5, KH,PO, 0.4, HEPES 20, NaHCO; 5, glucose 15,
CaCl, 1.3, MgCl, 1 (or nominally Mg "-free, where indicated).

ICs, determination of 2-APB and La®*-mediated inhibition of
DCD

Cortical neurones were plated in 96-well polystyrene dishes (Costar;
Sigma, St Louis, MO, USA) at the same density as for the imaging
experiments. To avoid background fluorescence of polystyrene, the
red fluorescent mag-fura red was used for measuring [Ca”";. Cells
were loaded with the AM dye (3 pm) for 20 min, followed by a
5 min hydrolysis period. Mag-fura-red has a low affinity for Ca®"
(Kg = 70 pum; measured in a cuvette fluorimeter, 37°C, pH 7.05;
PTI Deltascan); it is therefore only responsive to large magnitude
rises in Ca”*, as occur during DCD, and is not the primary response
for the glutamate stimulus. Macroscopic, cumulative fluorescence of
Mag-fura red was ratioed with a plate reader fluorimeter (Victor®;
Perkin Elmer, Turku, Finland) using excitation filters at 420-
430 nm and 490-500 nm (Omega Optical, Brattleboro, VT, USA)
and emission at 660 nm. Fluorescence background of each well was
determined before loading cells with the AM dye. Inhibition of
DCD was assayed by end point measurement of the background-
corrected Mag-fura red ratio increase relative to the baseline after
60 min of treatment with 100 pum glutamate + 10 pm glycine in the
presence of 14-300 pm 2-APB or 0.4-200 pm La®" (eight concen-
trations performed in triplicate). Experiments were carried out in
buffers similar to those used in the imaging experiments but

Delayed Ca”" deregulation blocked by 2-APB and La** 3

containing 44 mM NaHCOs;, and cultures were kept in a CO,
incubator at 37°C during the treatment.

Materials

2-APB, LaCl;, cyclosporin A, thapsigargin, ryanodine, caffeine,
4-Br-A23187, nifedipine, cytosine-arabinofuranoside, MK-801 and
CNQX were from Sigma. Fura-2 AM, fura-6F AM, fura-FF AM,
mag-fura-red-AM and fura-6F5K" salt were from Molecular Probes
(Eugene, OR, USA). Bongkrekic acid was from Calbiochem (EMD
Biosciences, Inc., Darmstadt, Germany). Standard laboratory chem-
icals were from Sigma.

Results

DCD is abolished by 2-APB and La**

Cortical neurones exposed to 100 pm glutamate + 10 um
glycine exhibit an abrupt increase in [Ca®']; attributed to
activation of ligand-gated glutamate receptors (Fig. la,
100 s, Table 1). Although glutamate and glycine remain in
the perfusate throughout the experiment, [Ca”']; plateaus at a
level lower than the ligand-induced peak, due to desensiti-
zation of the NMDA receptors (Mayer and Westbrook 1985),
as well as inhibition of the receptor by elevated [Ca®");
(Legendre et al. 1993). After > 5 min, and over a period of
60 min, neurones lose the ability to maintain [Ca®>']; at the
newly established level and exhibit asynchronous, large and
abrupt increases in fura-6F fluorescence ratio. Fura-6F has a
relatively high K (2.47 pm) for Ca** and it measures [Ca*"]
reliably in the range of 0.5-50 um (Chinopoulos et al. 2003).
Therefore, the dye is not saturated at the glutamate-induced
Ca*" spike, a phenomenon observed with high-affinity
calcium indicators (Stout and Reynolds 1999). This also
‘unmasks’ the magnitude of the secondary Ca®" rise. It is
apparent that the majority of neurones undergo DCD, with a
mean onset f,.,, = 910 = 160 s after application of the
glutamate stimulus (Table 1). While there is strong evidence
that DCD is due to plasmalemmal Ca®" influx (see
introduction), the extent of the burden that it imposes on
calcium extrusion (e.g. plasma membrane Ca®" ATPase) and
sequestering mechanisms (e.g. mitochondrial calcium
uptake) has not yet been clarified. Therefore, in a separate
set of experiments, [Ca®']. was removed from the perfusate
by switching to a nominally Ca®'-free medium plus 25 pm
EGTA at 1500 s, which prevented further occurrence of
DCD (Fig. 1b) and caused a decline of [Ca®']; in cells that
were already deregulated. The slope of this decline was
determined for each deregulated cell and was plotted against
the time elapsed from the onset of DCD to the time of [Ca*].
washout (Fig. lc). Linear regression analysis of this plot
showed that removal of [Ca®"], shortly after the onset of
DCD causes a rapid decrease in [Ca?']; but that subsequently,
neurones lose the ability to rapidly restore resting [Ca*'];.
This finding raises the possibility that the delayed Ca®" influx
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Fig. 1 DCD induced by glutamate (100 pm)
plus glycine (10 pum) in cortical neurones
and the effect of 2-APB and La®**. a, d, e, f:
Fura-6F ratio fluorescence of [Ca*]; upon
exposure to glutamate plus glycine in the
presence and absence of 2-APB (100 um)
or LaClz (10 um) recorded for 1 h. Glutam-
ate plus glycine were added to the perfusion
medium at 100s and were present
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tion of glutamate plus glycine (representa-
tive of three independent experiments). (b)
Percentage of cells that underwent DCD
upon exposure to glutamate plus glycine
(added at 100 s) versus time. Trace (i) was
calculated from the data set corresponding
to Table 1. In trace (ii) the perfusion was
switched to Ca®*-free medium + 25 um
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elicits a sequence of events that gradually incapacitate
calcium extrusion/sequestering mechanisms.

2-APB (100 pm) added 10 min prior to exposure to
glutamate led to a dramatic decrease in the incidence of the
secondary [Ca*']; rise (Fig. 1d, Table 1). The same phenom-
enon was observed if 10-100 um LaCly was applied, but
1 um LaCly was ineffective (Fig. le, Table 1). In an effort to
determine the ICs, for 2-APB and La*", DCD was assayed
by measuring the cumulative response of mag-fura red (used
as a low affinity Ca>* dye) -loaded cortical neurones cultured
in 96-well dishes. Parallel imaging experiments using Mag-
fura red and the standard DCD protocol (100 pm glutamate +
10 pm glycine for 1 h) were performed (not shown). Due to
the low affinity (Ky = 70 um) of Mag-fura red, the differ-
ence between the fluorescence ratio before, and 60 min after
the addition of glutamate plus glycine reflects the fraction of
cells that underwent DCD. 2-APB (14-300 pum) applied
10 min before, and La** (0.4-200 pm) applied together with
glutamate, dose-dependently diminished the ratio increase
evoked by the glutamate treatment. ICso of 2-APB inhibition

1000 1500 2000 2500 3000 3500
time (sec)

in s. Data pooled from three independent
experiments.

on DCD was estimated to be 62 =9 um (n = 4 plates),
whereas that for La®" was 7.2 + 3 uMm (n = 3 plates).
Although LaCl; blocks voltage-dependent Ca®" channels
(Nelson et al. 1984), this pathway has previously been
excluded as a candidate for the secondary [Ca®"); rise (see
introduction). In addition to inhibiting DCD, 100 um 2-APB
and 10 pm LaCl; reduced the glutamate-induced [Ca*"]; peak
(Figs 1d and e, Table 1) and accelerated the decay to a newly
established [Ca®']; plateau. The latter observation is similar
to that of Baba and colleagues (Baba ez al. 2003). However,
in contrast to our results with glutamate, these authors did not
detect an inhibitory effect of 2-APB or La®" on the peak
amplitude of the NMDA-induced [Ca®']; transients. This
reflects the possibility that glutamate-induced non-NMDAR
[Ca®']; influx encompasses 2-APB and La’*-sensitive tar-
gets. Application of a lower concentration (30 um) of 2-APB
did not result in a decrease in glutamate-induced [Ca®"];
peak, whereas the incidence of DCD was slightly
decreased with an increase in the mean onset time of DCD
(tmean; Table 1). As Baba and colleagues demonstrated
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Table 1 Characteristics of glutamate-induced DCD in the presence and absence of various compounds

Glutamate + glycine

Total Baseline [Cal; induced [Ca); peak
number DCD % Onset of DCD (fura-6F ratio (fura-6F ratio at 100 s,
n of cells of cells tmean (S) fluorescence) absolute value)

Control 6 332 84.5+9.7 910 + 160 0.31 + < 0.001 0.397 + < 0.001
2-APB (100 pm) 5 490 45+ 1.0*® 917 £ 149 ™* 0.30 + < 0.001 0.354 + < 0.001*°
2-APB (30 um) 3 189 77.8 £ 4.8 1366 + 125*° 0.30 + < 0.001 0.398 + < 0.001 "*
MgCl, (10 mm) 5 603 8.2 + 3.0*® 894 + 188 "® 0.31 + < 0.001 0.370 + < 0.001 "*
(pre-incubation)
LaCls (1 pm) 3 155 70.0 £ 6.9* 902 + 155 "¢ 0.30 + < 0.001 0.378 + < 0.001 ™
LaCls (10 um) 3 168 8.1+ 1.2+ 2480 + 182*° 0.30 + < 0.001 0.357 + < 0.001*°
LaCl (10 pwm) 3 151 9.8 £ 3.2*@ 1654 + 111*° 0.30 + < 0.001 0.399 + < 0.001 "*
(after glutamate)
LaCl; (100 pm) 3 199 2.02 £ 1.33* 2607 + 188*° 0.31 + < 0.001 0.366 + < 0.001 "*
Ryanodine (1 pm) 3 204 28.4 + 0.6 1816 + 173*° 0.30 + < 0.001 0.383 + < 0.001 "*
Caffeine (10 mm) 3 248 7.67 £1.7*° 1450 + 292*° 0.30 + < 0.001 0.368 + < 0.001 "
SK&F 96365 (5 um) 3 255 88.9 £ 104 "° 780 = 169 " 0.30 + < 0.001 0.394 + < 0.001 "*
Cyclosporin A (1 pm) 3 198 86.7 + 12.8 "* 885 + 168 " 0.31 + < 0.001 0.431 + 0.008*°
Bongkrekic acid (20 ) 3 178 89.5+ 139 "° 931 + 174 "® 0.33 + < 0.001 0.467 + 0.009*°
Thapsigargin (1 pm) 3 158 87.1+9.8"° 911 + 160 ™* 0.30 + < 0.001 0.404 + < 0.001 "*

2-APB, LaCls, ryanodine, caffeine, SK&F 96365, cyclosporin A, bongkrekic acid and thapsigargin were present for 10-30 min (as described in the
text) prior to exposure to glutamate plus glycine and throughout the entire duration of the experiment. MgCl, was present only for 30 min prior to
exposure to glutamate plus glycine. LaCls, where indicated, was applied 300 s after perfusion with glutamate plus glycine (LaCls 10 pm after
glutamate). n = number of independent experiments. Statistics: Mann—Whitney rank sum test.

agignificant compared to control, p < 0.001, Psignificant compared to control, p < 0.005, n.s: not significant compared to control, p < 0.005.

electrophysiologically that 2-APB and La>" do not inhibit the
NMDA receptor, our results are not attributable to a
confounding inhibitory action on the NMDA receptor itself.
Nevertheless, the moderately reduced glutamate-induced
[Ca®']; peak and the accelerated return towards baseline
values (Figs 1d and e, Table 1) may contribute to the
diminished incidence and mean onset time of DCD by other
means. Therefore, we applied the compounds 300 s after the
start of perfusion with glutamate. It is apparent from Fig. 1(f)
and Table 1 that application of LaCl; (10 pum) strongly
inhibited DCD while the glutamate-induced [Ca*']; peak
remained unchanged. The protective effect of 2-APB given
after glutamate + glycine was, however, less pronounced,
diminishing the incidence of DCD to approximately 55%
(not shown).

Mitochondrial PTP inhibitors fail to ameliorate DCD

To address the role of PTP in our system, cortical neurones
were treated with cyclosporin A (1 um) for 30 min prior to
exposure to glutamate; the inhibitor was also present in the
perfusate for the entire duration of the experiment. As shown
in Fig. 2(a) and Table 1, there was no statistical difference in
the percentage of cells undergoing DCD, or in the mean time
of onset in the presence or absence of cyclosporin A. It is
noteworthy that DCD is an event usually demonstrated in the
absence of Mg®" to relieve the block of the NMDA receptor,

and it has been shown that Mg®" is critical for conferring
cyclosporin A sensitivity of the permeability transition in rat
liver mitochondria (Andreyev ef al. 1994). In an effort to
increase [Mg?'];, neurones were pre-treated with 10 mm
MgCl, for 30 min prior to glutamate exposure without
cyclosporin A. This led to an increase in the baseline [Mg*'];
from 0.65 = 0.02 mm to 1.15 £ 0.03 mwm, persisting for at
least 1 h irrespective of perfusing with a MgCl,-free buffer
during the experiment. This regime resulted in a substantial
reduction in the incidence of DCD without affecting the
glutamate-induced [Ca®]; peak (Table 1). However, the exact
mechanism underlying this protective effect was not further
investigated. As with cyclosporin A, bongkrekic acid (20 pm)
failed to decrease the incidence or the onset time of DCD,
irrespective of whether it was present throughout the experi-
ment (Fig. 2b, Table 1) or present only during a 10 min pre-
incubation period (not shown). Notably, application of either
cyclosporin A or bongkrekic acid led to a statistically
significant increase in the glutamate-induced [Ca®"]; peak
(Figs 2a and 2b, respectively, and Table 1). The mechan-
ism(s) for this peculiarity was not further investigated here.

Do cortical neurones exhibit store-operated Ca”* entry?

We first investigated ‘basal’ Ca** entry, in which neurones
were deprived of extracellular calcium ( ‘Ca”*"-free’ medium in
the absence of Sarcoplasmic Reticulum Ca*>* ATPase (SERCA)
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Fig. 2 Lack of effect of cyclosporin A and bongkrekic acid on glutamate
induced DCD. Fura-6F ratio fluorescence of [Ca2*]; of cortical neurones
upon exposure to glutamate (100 pm) plus glycine (10 um) is shown in
the presence of cyclosporin A (1 um) or bongkrekic acid (20 pm) recor-
ded for 1 h. (a) Cyclosporin A was given 30 min prior to glutamate plus
glycine exposure, and was present throughout the entire experiment.
Traces are representative of three independent experiments. (b) Bon-
gkrekic acid was present for 10 min prior to glutamate plus glycine
exposure, as well as throughout the entire experiment. Traces are
representative of three independent experiments.

inhibitors, containing 7.44 um free Ca®>" measured by fura-
6F 5K salt) for 810 min, followed by re-introduction of the
cation to the perfusing medium. Prior to this, in order to
demonstrate that the intracellular stores do contain Ca>",
neurones were perfused with either Ca*'-free medium
(Fig. 3a, trace i), Ca’’-free medium containing EGTA
(25 pm) (Fig. 3a, trace i), Ca*'-free medium plus thapsigargin
(Tg; 1 pm) (Fig. 3a, trace iii), or Ca**-free medium containing
EGTA plus Tg (Fig. 3a, trace iv). [Ca® Jgr Was estimated from
the perinuclear fluorescence of fura-FF (Csordas and
Hajnoczky 2001) under resting conditions when [Ca®"]; is
low. Therefore, the low affinity Ca®>" dye is unresponsive to
changes in [Ca®'];, but responsive to alterations in [Ca*'] in
compartments where [Ca”'] is sufficiently high, such as the

endoplasmic reticulum (ER). High magnification imaging
revealed a perinuclear patchy pattern of higher ratios. In the
presence of Tg + EGTA, the fura-FF ratio dropped quickly (in
2-400 s) over these regions, indicating that the measured
signal (at least partially) originates from the ER. In contrast,
perfusing with Ca*'-free medium did not cause a significant
ratio change, but when EGTA was also present, a small and
delayed decrease in the fura-FF ratio fluorescence was
observed. To address the degree of the intracellular stores
depletion upon Tg treatment, neurones were challenged with a
cocktail consisting of 4-Br A23187 (10 um), monensin
(10 pm), nigericin (10 pm) and gramicidin (5 um), applied at
200 s (trace v), or at 700 s (Fig. 3a, trace iv). It is apparent that
10 min of perfusing with EGTA + Tg depletes Tg-sensitive
intracellular stores (compare trace iv with trace v at 800—
900 s). To examine further the filling status of the intracellular
stores, [Ca®"]; was measured using fura-2 in neurones which
were perfused with Ca®'-free medium + EGTA + Tg for
various time intervals, followed by addition of the calcium
ionophore 4-Br-A23187 (5 pum) (Fig. 3b). Under this condi-
tion, Ca®" released exclusively from intracellular compart-
ments would increase fura-2 fluorescence. Specifically,
perfusion with Ca®*-free medium + EGTA led to a moderately
diminished response to ionophore added at 400 s (Fig. 3b,
trace iv) compared with 100 s (Fig. 3b, trace ii) (0.24 £ 0.03
vs. 0.62 £ 0.03 slope ratio/min, significant, Mann—Whitney
rank sum test, p < 0.005, 0.58 + 0.03 vs. 0.70 = 0.01 peak
fura-2 ratio, significant, Mann—Whitney rank sum test,
p < 0.005). When the perfusate was changed from Ca®'-
containing (1.3 mm) to Ca>'-free medium + EGTA (< 100 nm
[Ca®"].) without any pre-incubation delay (Fig. 3b, trace i), the
[Ca*"]; transients elicited by the addition of ionophore were not
different from those observed following a 100 s pre-incubation
time (Fig. 3b, trace ii). Pre-treatment of the cultures with Tg
(1 pm) prior to the addition of the ionophore failed to induce
further increase in [Ca®']; (Fig. 3b, trace iii, 100400 s).
Application of Tg to neurones perfused with a medium
containing 1.3 mm CaCl, also failed to elevate fura-2 fluor-
escence (not shown). Moreover, the presence of Tg did not
alter significantly the [Ca®']; transients caused by addition of
ionophore when cells were perfused with the EGTA-contain-
ing medium (Fig. 3b, trace iv vs. trace iii, not significant). The
lack of effect of Tg is not inconsistent with the observation
shown in Fig. 3a, where changes in the [Ca®'|gr were
estimated. 4Br-A23187 releases Ca”" from all internal stores.
Although the rise in fura-2 ratio elicited by the ionophore in the
absence or presence of Tg pre-treatment was very similar, this
could be explained by the existence of a relatively large Tg-
insensitive compared with Tg-sensitive Ca®" store. Collec-
tively, these observations led us to conclude that Tg-sensitive
intracellular stores in cultured cortical neurones contain
releasable, sequestered Ca®". Perfusing the cells with Ca**-
free medium does not lead to an alteration of their filling state,
while chelating extracellular Ca®" slightly depletes the stores,
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Fig. 3 (a) Effect of removal of extracellular Ca®* on neuronal stores.
[Ca?*]er was estimated as the perinuclear fluorescence ratio of fura-
FF. Perfusion of neurones with Ca®*-free medium (trace i), Ca®*-free
medium containing 25 um EGTA (trace ii), Ca%*-free medium plus 1 um
Tg (trace iii), or Ca®*-free medium containing 25 pm EGTA plus 1 pm
Tg (trace iv), Ca®*-free medium containing 25 um EGTA plus an ion-
ophore cocktail consisting of 4-Br A23187 (10 pwm), monensin (10 pm),
nigericin (10 pm) and gramicidin (5 um) (trace v), was started at 200 s
as indicated. In trace (iv) the ionophore cocktail was applied at 700 s.
Each trace represents mean + SEM of cells from three independent
experiments. (b) Neurones were perfused with Ca®*-containing med-
ium for 100 s (trace i), Ca®*-free medium + EGTA for 100 s (trace i)
and 400 s (traces iii and iv). After these intervals, 5 um 4-Br A23187
was added in the presence of EGTA. In trace (iii), Tg (1 um) was added
to the perfusate at 50 s. When 1.3 mm CaCl, was present throughout
the entire duration of the experiment, fura-2 ratio plateaued at about
2.7 at 400 s (omitted from the graph). Traces are representative of
three independent experiments. (c) Fura-2 ratio fluorescence of [Ca®*];
of cortical neurones on basal Ca2* entry. Cortical neurones were

and a complete depletion can be achieved by inhibiting Ca®*
uptake through the SERCA pump.

Subsequently, basal Ca®" entry was assessed by
perfusing neurones with Ca®'-free medium, followed by
re-introduction of [Ca®'].. It is apparent from Fig. 3(c) that
re-introduction of Ca®" to the medium induces a small
increase in [Ca®']; in the presence of 1 mm extracellular
Mg?", and a slow return towards basal [Ca®']; levels. DCD
experiments were performed in the absence of Mg*" in order
to relieve the block of the NMDA receptor, otherwise the

Fura 2 ratio
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incubated in Ca®*-free medium for 8—10 min (including the initial 400 s
recording interval). CaCl, (2.6 mm) was re-introduced to the perfusing
medium at 400 s. -MgCl, indicates absence of extracellular MgCls. +
MgCl; signifies the presence of 1 mm MgCI, in the perfusate. MgCl,
pre indicates that neurones were pre-exposed to 10 mm MgCl, for
30 min, but it was absent from the perfusate. Cocktail consisted of
10 um MK-801, 10 umv CNQX and 1 pum nifedipine. The decay of
[Ca®*); after the peak Ca®* entry was quantified by the half-time (t;»in
s): -MgCl,: 93 + 11, -MgCl, + cocktail: 92 + 12, + MgCl,: 154 + 40*,
MgCl, pre: 96 + 12. Traces are representative of three independent
experiments. (d) Basal Ca®* entry as measured by fura-2 ratio fluor-
escence of [Ca®*]; in the presence and absence of Tg (1 pm). Cortical
neurones were incubated in the absence of extracellular Ca®* + Tg for
8—10 min, in the presence and absence of EGTA. CaCl, (2.6 mm) was
re-introduced to the perfusing medium at 400 s. t;»: -MgCl, + Tg:
134 + 25*. t;,0: —-MgCl, + EGTA + Tg: 145 + 13%, t,,.: -MgCl, + EGTA:
84 + 6*. Traces are representative of four independent experi-
ments. One-way Anova, Tukey’s post hoc analysis; *significant,
compared to -MgCl,, p < 0.05.

initial glutamate-induced [Ca*']; peak is severely blunted and
DCD does not manifest itself. Therefore, basal Ca*" entry
was also investigated in the absence of extracellular Mg*".
As shown in Fig. 3(c), the lack of Mg”" in the medium led to
a more robust increase in fura-2 ratio upon re-addition of
Ca*". However, omission of extracellular Mg”* may sensitize
the NMDA receptor to activation. In addition, non-NMDARs
and VDCCs, in a concerted action, could contribute to this
Ca®" influx related to the status of the plasma membrane
potential, possibly affected by omission/re-introduction of
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extracellular Ca®". Inclusion of a cocktail comprising the
NMDA inhibitor MK-801 (10 um), the AMPA/kainate
inhibitor CNQX (10 pum) and the VDCC blocker nifedipine
(1 pm) caused a reduction of the basal Ca* entry observed in
the absence of Mg2+ (Fig. 3c). However, the peak of the
[Caz+]i increase was still higher than when extracellular
Mg®" was present (fura-2 ratio = 0.21 + 0.05 relative to
baseline vs. 0.07 £ 0.01 in the presence of MgCl,). These
observations indicate that there is a basal Ca®" entry in
cultured cortical neurones that is unmasked in the absence of
extracellular Mg**, which is influenced by, but not due to
ligand and/or voltage-gated Ca®" channels.

In order to investigate the spatial role of Mg®" in the
alleviation of basal Ca>" entry, neurones were incubated in
the presence of 10 mm MgCl, for 30 min. This treatment
caused a rise in [Mg2+]1, from 0.65 +0.02 mMm to
1.15 = 0.03 mm, that persisted for at least 1 h even when
the extracellular medium was subsequently switched to the
MgCl,-free perfusate. Pre-treatment of the cells in the
absence of [Mg**]. (for 30 min) did not cause a significant
drop in [Mg2+]i (not shown). These neurones did not exhibit
a significantly different peak amplitude of basal Ca*" entry
(0.33 £0.03 vs. 0.31 + 0.03 in the presence of MgCl,, one-
way ANovA Tukey’s post hoc analysis).

Next, we investigated whether abolition of Ca** uptake by
the SERCA pump using Tg (1 pum) results in capacitative
calcium entry (CCE). Neurones were perfused with Ca**-free
medium + EGTA (25 pm) for 5-8 min, followed by addition
of Tg, which failed to induce any change in [Ca®]; (Fig. 3d,
100-400 s). Re-introduction of extracellular Ca®>* caused a
decreased Ca®" entry compared with that observed in the
absence of Tg, whether neurones were perfused with
Ca*'-free medium (fura-2 ratio = 0.11 + 0.02 relative to
baseline vs. 0.31 +0.03 in the absence of Tg) or with
Ca’'-free medium + EGTA (fura-2 ratio = 0.19 + 0.01
relative to baseline vs. 0.36 + 0.01 in the absence of Tg).
This counterintuitive response contrasting the ‘authentic’
capacitative Ca”" entry described for non-excitable as well as
several excitable cell models (Elliott 2001; Putney 2003) is
inconsistent with the possibility that in cortical neurones,
depletion of Tg-sensitive Ca”’ stores activates Ca® -per-
meable non-voltage-gated cation channels located in the
plasma membrane that mediate SOCE in other cell types. In
support of this, the presence of a Ca®" entry pathway in
sympathetic, sensory and hippocampal neurones, distinct
from voltage-dependent Ca®" channels, was demonstrated
and regulated by ryanodine-sensitive Ca®" stores (Friel and
Tsien 1992). Therefore, we examined the effect of ryanodine
receptor agonists on Ca>" entry.

Ryanodine receptor activation does not potentiate basal
Ca®* entry

Cortical neurones were perfused with Ca**-free medium for
5 min, followed by addition of ryanodine (1 pum) (Fig. 4a,
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Fig. 4 Fura-2 ratio fluorescence of [Ca®*]; of cortical neurones on
Ca?* entry in the presence of ryanodine 1 um (a) or caffeine 10 mm (b).
Cortical neurones were incubated in Ca?*-free medium for 8-10 min
(including the initial 400 s recording interval). CaCl, (2.6 mm) was
re-introduced to the perfusing medium at 400 s. —-MgCl, signifies
absence of extracellular MgCl,. + MgCl, signifies presence of 1 mm
MgCl; in the perfusate. Rya: ryanodine. t;.: -MgCl, + Rya: 64 + 4%,
t;2: —MgCl, + Rya + cocktail: 57 + 13*. + caffeine: 94 + 10. Graphs
are representative of three independent experiments. One-way Anova,
Tukey’s post hoc analysis; *significant, compared to Fig. 3(c) —-MgCl,,
p < 0.05.

100400 s) or caffeine (10 mm) (Fig. 4b, 100—400 s).
Ryanodine or caffeine alone did not result in a measurable
increase in [Ca®"];. In addition, application of caffeine caused
a minor decrease in baseline Fura 2 fluorescence. Ryanodine
failed to potentiate basal Ca>" entry, though it led to a slightly
accelerated decay of [Ca*']; towards baseline values
(Fig. 4a). The Ca®' influx was strongly alleviated by
extracellular Mg®" and moderately decreased by concomitant
inhibition of NMDARs/non-NMDARs/VDCCs by the cock-
tail (Fig. 4a). Likewise, caffeine did not lead to augmentation
of basal Ca®" entry and its effect on hastening [Ca”']; decay
was not significant. These results do not support SOCE
regulation by ryanodine-sensitive stores in cortical neurones.
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Fig. 5 Fura-6F ratio fluorescence of [Ca®*]; of cortical neurones upon
exposure to glutamate (100 puwm) plus glycine (10 uwm) in the presence of
1 pm ryanodine (a) or 10 mm caffeine (b) recorded for 1 h. Ryanodine/
caffeine was present for 10 min prior to glutamate plus glycine expo-
sure, as well as throughout the entire experiment. Traces are repre-
sentative of three independent experiments.

Ryanodine and caffeine but not thapsigargin inhibit
DCD

Neurones were incubated with ryanodine (1 pm) or caffeine
(10 mm) for 10 min prior to exposure to glutamate; the
compounds remained present in the perfusate for the entire
duration of the experiments (Fig. 5). Exposure to glutamate
caused an abrupt elevation in [Ca®"]; level (Figs 5a and b,
100 s) followed by a return to a newly established plateau.
Activation of RyR resulted in a significant decrease in the
percentage of the number of cells undergoing DCD
(Table 1). Application of Tg did not increase mean onset
time or incidence of DCD (Table 1). Further information
concerning the pharmacological profile of the mechanism
underlying both events was obtained by 2-APB and La®".

2-APB and La** modulate basal Ca®* entry
Neurones were perfused with Ca®’-free medium for
8-10 min, followed by re-introduction of the cation to the
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Fig. 6 Fura-2 ratio fluorescence of [Ca%*]; of cortical neurones on
basal Ca®* entry. Cortical neurones were incubated in Ca®*-free
medium for 8—10 min (including the initial 400 s recording interval).
CaCl, (2.6 mm) was re-introduced to the perfusing medium at 400 s.
All curves were recorded in the absence of extracellular MgCl,. 2-APB
(100 pm) or LaClsz (10 um) were present for the entire duration of the
experiments. t;». + LaCls: 78 + 16*, + 2-APB: > 600 s*. Trace is
representative of three independent experiments. One-way ANOVA,
Tukey’s post hoc analysis; *significant, compared to Fig. 3(c) -MgCly,
p < 0.05.

perfusing medium. 2-APB (100 pum) or LaCl; (10 um) was
present for the entire duration of the experiment (Fig. 6). It is
evident that 2-APB diminished the peak Ca®>* influx by about
50%, while La®>" did not affect peak amplitude but caused an
accelerated return towards baseline [Ca®'];. An inhibition of
basal calcium entry by 2-APB in platelets was previously
reported (Dobrydneva and Blackmore 2001).

Discussion

In the present study we demonstrated that the delayed Ca**
deregulation induced by glutamate is diminished by 2-APB
and La®>" in cultured cortical neurones. These agents are
known to inhibit TRP and SOC channels. We did not find
evidence for a thapsigargin or ryanodine-sensitive SOCE in
these neurones. Furthermore, application of thapsigargin
failed to aggravate mean onset time or the incidence of DCD
(Table 1). In addition, activation of the RyR mitigated DCD.

Our results, excluding other obvious possibilities, could be
consistent with the role of TRP channels operating in a
manner independent of intracellular Ca** stores in inducing
DCD. This notion is also supported by our observation that
low concentration of 2-APB (30 pum) did not prevent DCD,
arguing against the involvement of SOCE since at this
concentration, the compound is a rapid and effective inhibitor
of SOC channels (Dobrydneva and Blackmore 2001).

One of the proposed mechanisms of activation of SOC
channels involves conformational coupling to the IP; recep-
tor (Putney et al. 2001), and 2-APB was originally reported
to block IP; receptors (Maruyama et al. 1997). However,
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more recent studies have led to the consensus that the
effect of this compound is due to a direct inhibition of
SOC channels or proteins that mediate their activation
(Dobrydneva and Blackmore 2001; Ma et al. 2002), rather
than that of the IP3 receptor itself (Bootman et al. 2002).
SK&F 96365, an alternative SOC blocker (Merritt et al.
1990), did not prevent or delay DCD (Table 1).

The pharmacological promiscuity of 2-APB extends to
many other targets, including the SERCA pump (at very high
concentrations) (Bilmen et al. 2002), voltage-dependent K*
channels (Wang et al. 2002), gap junctions (Harks et al.
2003) and the mitochondrial permeability transition pore
(PTP) (Chinopoulos et al. 2003). Several lines of evidence
prompted us to investigate the role of the PTP as a possible
event upstream of the secondary Ca" rise: (i) application of
the PTP inhibitor, cyclosporin A, or its non-immunosup-
pressant analogue, N-methyl-valine-4-cyclosporin, prevents
the delayed Ca®" rise in striatal (Alano et al. 2002) and
hippocampal neurones (Vergun et al. 1999), but not in
cerebellar granule cells (Castilho ef al. 1998); (ii)) 2-APB
(and bongkrekic acid) inhibits high Ca**-induced PTP in
isolated brain mitochondria (Chinopoulos et al. 2003); (iii)
inhibition of the mitochondrial ANT with bongkrekic acid
prevents NMDA receptor-mediated apoptosis of cerebrocor-
tical neurones (Budd er al. 2000); (iv) a prerequisite for PTP
induction is mitochondrial Ca*" uptake (Zoratti and Szabo
1995) and DCD is eliminated when mitochondrial membrane
potential is collapsed in the presence of the respiratory
inhibitor, rotenone, plus the mitochondrial ATPase inhibitor,
oligomycin (Nicholls and Budd 1998). Our results do not
favour the involvement of PTP upstream of the occurrence
of DCD, since neither cyclosporin A nor bongkrekic
acid prevented or delayed DCD onset (Fig. 2, Table 1).
Unfortunately, we were unable to obtain N-methyl-valine-4-
cyclosporin, previously shown to inhibit PTP more effect-
ively than cyclosporin A in mitochondria from nervous tissue
(Khaspekov ef al. 1999). In addition, brain mitochondria
exhibit diminished sensitivity to inhibition of PTP by
cyclosporin A in the presence of physiological concentra-
tions of adenine nucleotides and Mg”" but are responsive to
bongkrekic acid (Chinopoulos et al. 2003).

In view of the fact that DCD is abolished by pharmaco-
logical inhibitors of TRP and SOC channels, the question
arises as to whether DCD is a SOCE event. Relevant to this,
it was previously reported that Ca®" entering through either
voltage- or receptor-operated channels provides a trigger
to stimulate Ca®" release from neuronal internal stores
(Lipscombe et al. 1988). However, SOCE has not been
demonstrated in every type of excitable cells originating from
nervous tissue (Putney 2003). Our findings led us to
conclude that cortical neurones do not exhibit authentic
capacitative Ca>" entry for the following reasons: (i) appli-
cation of thapsigargin prior to and during re-introduction of
CaCl, to the perfusing medium failed to potentiate the rise of

fura-2 ratio compared with the absence of the SERCA
inhibitor and, counter-intuitively, thapsigargin decreased
Ca*' influx (Fig. 3d). As a proof-of-protocol, astrocytes
and endothelial cells subject to identical conditions exhibited
robust CCE (not shown). However, neurones treated with
thapsigargin in a Ca’"-free medium in the absence or
presence of EGTA exhibited reduction of [Ca®']gg and
depletion of intracellular Ca>" stores, respectively (Fig. 3a);
(i1) neither ryanodine nor caffeine application prior to and
during re-introduction of CaCl, to the perfusing medium led
to SOCE, as compared with the absence of these agents
(Fig. 4); (iii) cortical neurones exhibit ‘basal Ca®" entry’
(Figs 3c and d) even when thapsigargin-sensitive intracellu-
lar stores are not emptied (Fig. 3a, top curve). This latter
mode of Ca*" entry merits further investigation.

Concerning the unexpected observations on the effects of
ryanodine/caffeine on DCD, we cannot prove (or disprove)
that in the presence of ryanodine there is a common mechanism
underlying the amelioration of DCD and the moderate
acceleration of decay of the [Ca®']; to the baseline seen in
Fig. 4(a). Caffeine has been reported to inhibit the IP; receptor
(Ehrlich et al. 1994). Indeed, it inhibited DHPG-induced
[Ca®"]; transients (not shown), which caused liberation of Ca*"
from intracellular stores mediated by the IP; receptor subse-
quent to activation of the mGluR 1 (Nakamura et al. 2000) and
therefore, a possible effect of caffeine on the IP;R cannot be
excluded. Although xestospongin C has been reported to
inhibit the IP;R (Gafni et al. 1997), it failed to abolish DCD or
DHPG-induced [Ca*']; transients (10 M xestospongin C, not
shown). Inhibition of the SERCA pump by thapsigargin did
not alter DCD incidence or mean onset time (Table 1). It is,
however, possible that potentiation of DCD by thapsigargin
was not detected under the conditions used in our experiments
because over 85% of the cells underwent DCD in the absence
of this modulator of intracellular Ca** stores.

Diverse pathological conditions of the central nervous
system converge to excitotoxicity, a process characterized by
excessive synaptic release of glutamate, which, in turn,
activates post-synaptic glutamate receptors (Sattler and
Tymianski 2001). As a consequence of the latter, severe
neuronal Ca®" and Na' loading occurs (Choi 1987), culmin-
ating in cell death (Arundine and Tymianski 2003). Events
comparable with delayed calcium deregulation occur in vivo
under pathological conditions (Silver and Erecinska 1992;
Rothman and Olney 1995) and thus, investigation of DCD
in vitro provides a model to study the events downstream to
glutamate receptor activation. Although a profound increase
in [Ca®']; unequivocally triggers early neurodegeneration
(Tymianski et al. 1993c), the exact mechanism(s) responsible
for the loss of [Ca®']; homeostasis remain obscure (Choi
1995). A large body of evidence (see introduction) supports
the notion that the secondary rise is due to a Ca®" influx
pathway, supported by the discovery of a non-selective
cation current appearing subsequent to NMDA application,
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termed post-exposure current (/,c) (Chen ef al. 1997). In
addition, it was recently demonstrated that anoxic neuronal
death, which is linked to excitotoxicity (Goldberg et al.
1987; Goldberg and Choi 1993), is mediated through
activation of TRPM7 (Aarts et al. 2003).

TRP channels emerge as obvious candidates for DCD on
the basis of their intense expression in the central nervous
system (Montell ef al. 2002) and their high Ca** conduct-
ance (Zitt et al. 2002). Inexorably, the large number of TRP
family members, together with their combinatorial
co-assembling tendency and the lack of individually specific
inhibitors, contributes to an inability to pinpoint the culprit
channel in the present study. However, some of our results,
together with the recent literature (Aarts et al. 2003), imply
that DCD may be due to activation of TRPM7 (also known
as LTRPC7/MIC/MagNuM) (Nadler et al. 2001; Clapham
2002). TRPM7 operates independently of store depletion
(Prakriya and Lewis 2002b), is inhibited by 2-APB (Prakriya
and Lewis 2002a) and La®>" (Runnels efal. 2001), is
expressed in the mammalian brain (Runnels et al. 2001)
and receives strong negative feedback by intracellular Mg*"
(Nadler ef al. 2001). We could not achieve silencing of
TRPM7 expression in cultured cortical neurones with RNA
interference technology (tested by immunocytochemical
detection on the cultures using a polyclonal antibody against
TRPM7, not shown) based on the mouse sequence homo-
logue (accession number: AY032951, GeneBank); unfortu-
nately, the rat homologue sequence is not yet available.

The inability of La>" to inhibit peak basal Ca>" influx does
not necessarily rule out the involvement of TRP channels in
this effect, because at least two members of the TRP family
(TRPC4 and 5) exhibit potentiation of their current by
micromolar levels of La**, while other members are inhibited
(Clapham et al. 2003). Given the complex combinatorial
co-assembly of individual TRP channels within the same cell
(Hofmann et al. 2002; Strubing et al. 2003), the effect of
La** might reflect the combined result of two effects. In
addition, the same TRP channel (hnTRPC3) exhibits a cell-
type-specific mode of activation and response to pharmaco-
logical inhibition (Trebak et al. 2002).

The potential identification of a novel molecular target
amenable to pharmacological manipulation greatly expands
the prospects for treating acute and chronic neurological
disorders associated with excitotoxicity (Montell 2001;
Wissenbach et al. 2004). This approach avoids excitatory
neurotransmission blockade and therefore, lacks the serious
drawbacks of glutamate receptor antagonists that contributed
to the failure of clinical trials concerning stroke treatment
(Ikonomidou and Turski 2002; Muir and Lees 2003). A more
challenging field will be to understand why cortical neurones
express Ca”'-permeable, non-selective cation channels while
they are so well equipped with VDCCs and ligand-gated
cation receptors.
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